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ABSTRACT
Knowledge of how intermolecular interactions of amyloidogenic proteins cause protein
aggregation and how those interactions are affected by sequence and solution conditions is
essential to our understanding of the onset of many degenerative diseases. Of particular
interest is the aggregation of the amyloid-β (Aβ) peptide, linked to Alzheimer’s disease,
and the aggregation of the Sup35 yeast prion peptide, which resembles the mammalian
prion protein (PrP) linked to spongiform encephalothopies. To facilitate the study of these
important peptides, experimentalists have identified small peptide congeners of the full-
length proteins that exhibit amyloidogenic behavior, including the KLVFFAE sequence of
the Aβ protein,and the GNNQQNY sequence of Sup35.
Reverse micelles provide an important environment for the study of protein folding and
aggregation. In a reverse micelle, it is possible to observe the effects that confinement and
water activity, believed to play a critical role in an in vivo cellular environment, have on
protein folding, misfolding, and aggregation. We employed molecular dynamics simulations
of reverse micelles as well as peptides encapsulated in reverse micelles in order to char-
acterize the reverse micelle environment and identify fundamental principles that inform
how sequence and solution environment influence protein aggregation. The peptides stud-
ied include the alanine-rich peptide AKA2 as well as the amyloidogenic KLVFFAE and
GNNQQNY peptide fragments.
The results of these studies suggest that substantial fluctuations in reverse micelle shape
iv
away from an idealized spherical geometry enables significant interaction between peptides
and the surfactant interface. Analysis these results, including evaluation of water dynamics
and calculated IR spectra of the amide I vibration of the peptides, indicate that our model
of the reverse micelle is a robust one which captures essential features of this complex
system. Moreover, our studies provide critical insight into the complex role played by a
heterogeneous cellular environment in the earliest stages of protein aggregation and amyloid
formation.
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1Chapter 1
Importance of Protein Aggregation and the Relevance of
Reverse Micelles
Dramatic progress has been made in the experimental observation [1, 2, 3, 4, 5, 6] and
simulation of protein folding using minimal coarse-grained [7, 8, 9, 10] and atomistic mod-
els [11, 12, 13, 14, 15]. As a result a general understanding of the time scale and mechanism
of protein folding has been developed, including how the kinetics may be related to char-
acteristics of the protein’s free energy landscape. That work has led to the identification of
a number of fundamental principles that relate the importance of microscopic interactions,
including hydrogen bond formation, solvation, desolvation, molecular crowding, formation
of native contacts, and the possible role of non-native interactions in the protein folding
pathway and stabilization of the protein’s native state structure.
Water availability plays an important role in the stability of protein secondary structure.
Aqueous solutions inform the hydrophobic forces that drive protein folding. Water affects
the hydrogen-bonding network of proteins and is also necessary for protein function. Dehy-
dration may destabilize water-protein interactions altering protein stability and flexibility
which can lead to structural changes. An important step in the aggregation and misfolding
process is believed to be the expulsion of water [16].
Confinement reduces the number of possible configurations available to a molecule [17].
Confinement also affects the bulk properties of water such as changing of the dielectric
constant, decreasing polarity, and slowing down the rate of orientational relaxation [18].
In addition to composition and geometry of a confined environment, the difference in the
properties of confined water can also influence the function of a biological molecule [19].
21.1 Protein Aggregation
Aggregation of certain proteins is known to be linked to the onset of many degenerative
diseases including Alzheimer’s Disease, type II diabetes, Parkinson’s Disease, and prion
diseases, such as Creutzfeldt-Jakob Disease [20]. While almost all proteins may be induced
to form amyloid fibrils associated with aggregation by tuning conditions such as pH and
concentration, only a small number of proteins aggregate under physiological conditions.
The proteins associated with diseases vary significantly in size and structure, ranging
from large, globular proteins to small, unstructured proteins. Regardless of the protein
and the disease related to it, amyloid-forming proteins in their aggregated forms share
structural similaries, and the general features of the assembly of amyloid fibrils appear
to be well-described by a general aggregation pathway [21]. These structural similarities
included birefringence upon binding with dye molecule Congo red and the formation of a
long, unbranched, often twisted, “cross-β” pattern of β-sheets that is perpendicular to the
fibril axis [22].
Much experimental and computational work has been conducted on various lengths and
segments of these disease-related, amyloid-forming proteins. However, the experimental
observation and simulation of protein aggregation presents significant challenges associated
with the treatment of multiple interacting proteins. Protein aggregation in vivo is often
associated with long time processes that stand beyond the reach of current simulation time
scales or reasonable experimental observation.
A variety of approaches has been used to induce the changes in secondary structure as-
sociated with protein aggregation to occur on a time scale more amenable to experimental
and computational study. Such approaches include the focus on protein addition to preex-
isting fibrils or aggregates [23, 24, 25] and the use of enhanced bulk protein concentration.
Additionally, experimental determination of associated, short peptide congeners using solid
state NMR and electron microscopy [26, 27, 28] has provided guidance and critical com-
parision for more complex molecular dynamics (MD) simulations. One development is the
3confinement of aggregation prone proteins within a reverse micelle environment [29, 30, 31].
1.2 Reverse Micelles
Reverse micelle (RM) assemblies, consisting of oil/detergent/water ternary complexes, play
an important role in biochemistry [32]. The detergent, also known as a surfactant, is an
amphiphilic molecule composed of a hydrophilic head group and hydrophobic tail group [33,
34, 35]. The head groups of the surfactant molecules aggregate around a polar water core,
while the hydrophobic tails extend out into the non-polar solvent. RMs are often assumed
to have a spherical shape and their size is directly proportional to the water-to-surfactant
ratio or “water loading” (w0 = [H2O]/[surfactant]) [36]. When the number of surfactant
molecules is above the critical micelle concentration, reverse micelles will spontaneously
form in solution.
Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) is a commonly used surfactant as it read-
ily forms reverse micelles in non-polar solvents without a co-surfactant. AOT’s branched
structure allows the molecules to pack together well and form reverse micelles believed to be
relatively monodisperse and stable [37, 38]. Figure 1.1 shows a picture of the AOT reverse
micelle system.
Figure 1.1: AOT reverse micelle. A representation of an AOT molecule with the
sulfur atom in yellow, the sulfonate oxygen atoms in red, and the sodium cation in
green (left), following is the AOT shell of the RM (middle), and a picture of the RM
filled with water in cyan (right).
4The water cores of RMs are similar to cavities found in biological systems [19], such as
water molecules near the water-membrane interface of a cell that behave differently than
bulk water. The water-surfactant interface of RMs mimics that behavior in a less complex
environment and on a smaller scale [39]. The use of a RM to confine the peptides provides
a tunable, confined geometry, in which one can vary the radius of the RM and the number
of water molecules accessible to the peptide by manipulating the water loading.
The shape, size and composition of RMs have been studied using many experimental
techniques including NMR [40], small angle X-ray scattering (SAXS) [41], dynamic light
scattering (DLS) [42, 43], and pulsed gradient stimulated echo [44]. Despite these studies,
the shapes and absolute composition of reverse micelles are still a matter of debate. Ex-
periments generally assume RMs have an ideal spherical geometry, whereas computational
studies [45, 46, 47, 48, 49, 50, 51, 52, 53] and some experiments [43] suggest that the RM
shape fluctuates toward more elliptical structures. We have investigated the importance
of the absolute composition of the RM by evaluating its effect on RM shape fluctuations
and water dynamics. To accomplish this we used two force fields and two experimentally
determined compositions for AOT reverse micelles. [42, 45]. The results of this study are
presented in Chapter 4.
1.3 Alanine-Rich Peptides in Reverse Micelles
Before exploring the behavior of amyloidogenic peptides in reverse micelles it was necessary
to establish the reliability of the RM model employed. In addition to investigating the
importance of absolute composition, we evaluated the effects of the RM environment on a
model, helical, alanine-rich peptide.
The α-helix is ubiquitous in the secondary structure of peptides and proteins [54], and
is therefore the subject of many experimental and computational studies [55, 56]. Due to
alanine’s propensity to form helices, many of the peptides examined are rich in alanine,
including alanine-lysine peptides in which the lysine residues are separated by four alanine
5residues. This spacing puts the lysines on opposite sides of a helix avoiding charge repulsion
between them while enhancing solubility [54].
Mukherjee et al. studied alanine-lysine peptides - AKAn (Ace-YGAKAAAA-
(KAAAA)nG-NH2) - to investigate the stability of their helical secondary structure in a
confined AOT RM environment [29]. Using CD and IR spectroscopy they observed that the
helical content of the peptides increased in small RMs as compared to the same peptide in a
buffer or bulk water [29]. Our initial work on confined peptides modeled these experiments.
We performed simulations using two force fields on the AKA2 peptide in an α-helical con-
formation in bulk water and in reverse micelles of w0 = 6 (one spherically restrained, the
other unrestrained). Subsequently, we studied the effects of capped versus zwitterionic N-
and C-termini on the helix stability of these same peptides in RMs. The results of these
studies are presented in Chapters 3 and 5 respectively.
1.4 Amyloidogenic Peptides in Reverse Micelles
Having established that our model reverse micelles were adequate, we proceeded with our
investigation of amyloidogenic peptides encapsulated in RMs. Mukherjee et al. [31] per-
formed experiments observing the effects of confinement and hydration on the aggregation
of amyloidogenic peptide fragments Aβ16−22 (KLVFFAE) and Sup357−13 (GNNQQNY).
Using IR spectroscopy and transmission electron microscopy, they monitored aggregation
rates which slowed with increasing RM size.
Symptoms of dementia consistent with Alzheimer’s Disease are related to small aggre-
gates of Aβ oligomers present in the brains of Alzheimer’s patients [57]. The Aβ peptide
varies in length from 38 to 43 residues and aggregates into oligomers, which in turn form
protofibrils and fibrils [58]. Experiments by Balbach et al. [26] determined that the seven-
residue peptide KLVFFAE is among the shortest fragments of the Aβ peptide that forms
ordered fibrils. This sequence corresponds to residues 16-22 of the 42-residue peptide and
comprises the region of Aβ known as the central hydrophobic core – LVFFA.
6Sup35 is an amyloidogenic prion protein found in yeast. In the cell it participates in
terminating translation [59]. Sup35 is similar to the mammalian prion protein (PrP), linked
to spongiform encephalothopies, in that it propagates its misfolded state and aggregates
into fibrils [60]. Sup35 is a large protein of which the first 123 residues are the prion-
determining domain. Of these 123 residues, the shortest fragment that forms ordered fibrils
is the heptapeptide GNNQQNY (Sup357−13) [59].
Unlike Aβ16−22, which is predominantly hydrophobic, Sup357−13 contains mostly hy-
drophilic amino acids, yet both fragments aggregate into β-sheets characteristic of amy-
loidogenic proteins [26, 59]. These differences make them ideally suited for the study of the
early stages of amyloid formation.
The aim of our work is to identify the principles governing the role of peptide-environment
and peptide-peptide interactions in amyloid-forming peptide aggregation. To accomplish
this we model monomers and dimers of the NH+3 -KLVFFAE-NH2 and the NH
+
3 -GNNQQNY-
NH2 fragments in a RM environment. Our findings are directly compared with experimental
observations providing insight into the nature of the structural ensemble of the monomeric
and dimeric peptides, and how the dominant structures are stabilized by detailed interac-
tions with the environment. We observe the RM to be a complex confining environment
where substantial direct interaction between the surfactant and peptides plays an important
role in determining the resulting ensemble of peptide conformations. The findings of this
work are presented in Chapter 6.
7Chapter 2
Methodology
2.1 System Composition and Construction
This chapter describes the general way in which the RM systems were built. Any differences
are noted in the following chapters.
2.1.1 Reverse Micelle
RM systems were generated using the CHARMM32 package with the CHARMM27 all
atom force field for proteins and lipids and the TIP3P water model for CHARMM [61].
CHARMM parameters for AOT and isooctane were taken from the work of of Abel et
al. [45]. To construct the RMs, a sphere of water was “cut” from a previously equilibrated
water box and minimized with a spherical distance constraint in place. Random water
molecules in the sphere were replaced with sodium counterions (one for each AOT molecule
to be added) and re-minimized with the spherical constraint. A shell of AOT molecules was
built by placing the molecules onto a spherical grid around the water core. Once combined,
the water and ions were fixed and a spherical restraint was placed on the sulfur atoms. A
diameter for the spherical restraint was set depending on the w0 and composition of the
RM, and the system was energy minimized once more. With the spherical restraint in place,
the RM was heated to room temperature. Once heated, the restraint was removed and 100
ps of dynamics were run to allow the AOT tails to equilibrate before adding the solvent.
2.1.2 Adding the Solvent
The truncated octahedron of isooctane was built using Langevin Dynamics (LD) to generate
random isooctane structures. 125 isooctane structures from the LD trajectory were chosen
at random and placed on a grid. This cube was minimized, heated and equilibrated before
8being cut into a truncated octahedron. The final truncated octahedron was minimized, re-
heated, and equilibrated. The isooctane and reverse micelle were combined and overlapping
isooctane molecules were removed. A constraint was placed on the RM to keep it fixed and
to allow the isooctane molecules to adjust around the AOT aliphatic tails. The constraint
was removed and the system was energy minimized again at constant temperature and
pressure, heated to room temperature, and equilibrated for an additional 100 ps.
For the spherically restrained RMs a massless dummy atom was fixed in the center
of the RM. A harmonic restraint of 2 kcal/mol/Å was placed on the sulfur atom of each
AOT molecule to maintain its position within a certain distance of the dummy atom (see
Table 4.1). The distance restraints were chosen to agree with experimental measurements of
the solution density in Ref. [41] and [42]. Once the construction of the systems was complete,
the RMs were re-minimized, heated to 300 K, and equilibrated at constant temperature and
pressure for 500 ps using NAMD [62].
The starting structures for the RMs were used for the GROMOS systems which were
generated with the GROMOS96 53a6 united atom force field [63]. As there is no previous
work in the literature modeling AOT with this force field, we attempted to remain as “force
field consistent” as possible in using GROMOS to generate the AOT head group parameters.
The parameters for the sulfur head group began with a choice of the sulfur parameters used
for DMSO. The parameters employed for the water models, the AOT, and the isooctane
are listed in Table 2.1.
2.1.3 Simulations with Peptides
For the simulations of reverse micelles containing peptides, structures for the peptide were
solvated with a sphere of water, and random water molecules were replaced with enough
sodium cations and chlorine anions to create a neutral system. A spherical AOT shell was
added to the reverse micelle and was centered in a truncated octahedron of isooctane. For
the peptides in bulk water, the structures were solvated in a previously equilibrated water
9truncated octahedron. To neutralize the system, random water molecules were replaced
with chlorine anions and sodium cations for every charge on the peptides.
2.1.4 Treatment of Electrostatic Interactions
NAMD [62] and GROMACS were used for the production runs of the CHARMM and
GROMOS systems respectively. The cutoff for the short-range electrostatics calculations
was set to be 12 Å, and particle-mesh Ewald was used for the long-range electrostatics. The
temperature was held constant at 300 K, and the pressure was held constant at 1 atm using
the Langevin [64, 65] (for NAMD) and Berendsen [66] (for GROMACS) pistons. SHAKE
was used to keep bonds containing hydrogen atoms rigid [67].
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Table 2.1: Atom number, corresponding element, and charges for the
CHARMM and GROMOS force fields.
Atom number Element q/e
CHARMM GROMOS
Water
TIP3P SPC
1 O -0.834 -0.820
2 H 0.417 0.410
3 H 0.417 0.410
AOT
1 C -0.270 0.000
2 C -0.180 0.000
3 C -0.180 0.000
4 C -0.180 0.000
5 C -0.090 0.000
6 C -0.180 0.000
7 C -0.270 0.000
8 C -0.180 0.000
9 O -0.340 -0.340
10 C 0.630 0.630
11 O -0.520 -0.520
12 C -0.190 -0.100
13 S 1.360 2.560
14 OS -0.600 -1.000
15 OS -0.600 -1.000
16 OS -0.600 -1.000
17 C -0.180 0.000
18 C 0.630 0.630
19 O -0.520 -0.520
20 O -0.340 -0.340
21 C -0.180 0.000
22 C -0.090 0.000
23 C -0.180 0.000
24 C -0.270 0.000
25 C -0.180 0.000
26 C -0.180 0.000
27 C -0.180 0.000
28 C -0.270 0.000
Isooctane (2,2,4-trimethyl pentane)
1 C -0.270 -0.021
2 C 0.000 0.060
3 C -0.180 0.002
4 C -0.090 0.040
5 C -0.270 -0.021
6 C -0.270 -0.020
7 C -0.270 -0.020
8 C -0.270 -0.020
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Chapter 3
Protein Folding in a Reverse Micelle Environment: The Role
of Confinement and Dehydration
Characterization of the molecular interactions that stabilize the folded state of proteins
including hydrogen bond formation, solvation, molecular crowding, and interaction with
membrane environments is a fundamental goal of theoretical biophysics. Inspired by ex-
perimental studies by Gai and coworkers, we have used molecular dynamics simulations to
explore the structure and dynamics of the alanine-rich AKA2 peptide in bulk solution and
in a reverse micelle environment. The simulated structure of the reverse micelle shows sub-
stantial deviations from a spherical geometry. The AKA2 peptide is observed to (1) remain
in a helical conformation within a spherically constrained reverse micelle and (2) partially
unfold when simulated in an unconstrained reverse micelle environment, in agreement with
experiment. While aqueous solvation is found to stabilize the N- and C-termini random
coil portions of the peptide, the helical core region is stabilized by significant interaction
between the nonpolar surface of the helix and the aliphatic chains of the AOT surfactant.
The results suggest an important role for nonpolar peptide-surfactant and peptide-lipid
interactions in stabilizing helical geometries of peptides in reverse micelle environments.
3.1 Introduction
3.1.1 Observations of protein folding and aggregation in reverse micelles
Recently, Gai and coworkers studied the effect of hydration on alanine-rich peptides where
the sequence is periodically punctuated by charged lysine residues (Ace-YGAKAAAA-
(KAAAA)nG-NH2 where n = 1 and 3), known to exhibit increased helical content with
backbone dehydration, by incorporating them into AOT/H2O/isooctane RMs. Far-UV CD
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spectroscopy indicated that the peptides have partial helical structure in the RM envi-
ronment, whereas they are unstructured in bulk water [29]. In a related study, Gai and
coworkers used IR Spectroscopy of the amide I’ vibrational transitions to track the degree of
hydration of two alanine-rich peptides, AKA2 and AKA6 (Ace-YGAKAAAA-(KAAAA)nG-
NH2 where n = 2 and 6, respectively), in AOT/D2O/isooctane RMs as a function of water
loading and temperature. The AKAn + RM complexes produced two overlapping amide I’
transitions centered at 1634 and 1650 cm−1, indicating that the peptide backbone is helical
and is also partially hydrated and partially dehydrated in the RM environment. The ob-
served temperature dependence indicates that for small RM water loadings (w0 = 6 and 10)
at a certain onset temperature the peptides produced amide I’ transitions characteristic of
aggregates rich in anti-parallel β-sheets. These features were not observed when the same
analysis was performed on the peptides in bulk D2O nor in RMs with higher water loading
values (w0 = 20). This suggests that it is the degree of hydration that promotes peptide
aggregation, rather than the increasing temperature [68]. Studies by Straub and co-workers
suggest the presence of a desolvation barrier that must be overcome by the peptides to
form aggregates. Increasing the temperature in the reverse micelles may help overcome this
desolvation barrier [69].
3.1.2 The nature of a reverse micelle environment in peptide confinement
There has been increasing interest in understanding the shape and dynamics of RMs and
the unique properties of their water cores [19]. The structure of RMs has been studied with
experimental techniques including fluorescence [70, 71, 72], NMR [73, 74, 40], IR [75, 76, 77],
and SANS/SAXS [41, 78, 42, 79, 38, 80]. Scattering studies provide limited insight into the
size distribution of the RMs as well as the degree of shape fluctuations. In considering the
use of RMs as a confining environment for the study of peptide folding and aggregation, it
is important to consider the possible role of RM shape fluctuations in any interpretation of
the thermodynamics or kinetics of folding and aggregation. Moreover, accurate scattering
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experiments may provide insight into changes in the size distribution and shape fluctuations
induced by the addition of peptide to the solution of RMs, even when the number of RMs
occupied by the peptide represents a small fraction of the overall RM population.
Computational methods have been employed to gain an atomic-level understanding
of the properties and dynamics of the RM and its water core [45, 19, 81, 82]. Marchi
and coworkers used explicit molecular dynamics simulations to study the structure and
dynamics of an AOT/H2O/isooctane RM assembly [45]. They found that the RMs did
not retain a spherical shape. Instead, substantial deformations from a spherical geometry
were observed [45]. In a later study, Marchi and coworkers incorporated an octaalanine
(A8) peptide into the AOT/H2O/isooctane RM [83]. The size and shape of the RM was
observed to be only slightly affected by the presence of the peptide. However, they observed
a substantial slowing down of the translational motion of the water in the smaller RM
(w0 = 5). Moreover, the diminished availability of water enhanced intramolecular peptide
hydrogen bonds acting to preserve the peptide’s initial helical structure. No significant
slowing down was observed for the water dynamics in the RM with w0 = 6. In the larger
system, the peptide’s helical structure was not conserved [83].
More recently, dynamics of water confined in an AOT RM environment has been found
to exhibit extreme “glassy” behavior with a stretched exponential decay and characteristic
exponent of β = 0.2. The IR spectra for water computed from those simulations, where the
RMs exhibited non-spherical geometries, were found to be in good agreement with experi-
ment [49, 84]. Finally, Tian and Garcia [85] employed molecular dynamics simulations to
study the self-assembly of AOT/water RMs (w0 = 6 and 11) in isooctane. The RM systems
included one helical AK4 (NH3+-YG(AKAAA)4AG-COO−) peptide. After encapsulation
by the RM, the helical peptide remained at the water/AOT/isooctane interface such that
the peptide and AOT head groups shared coordinated water molecules and the entropy loss
of the water is reduced [85].
Our study employs molecular dynamics (MD) calculations to simulate systems approxi-
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mating those examined by Gai and coworkers, with a focus on elucidating the structure and
dynamics of the AOT RM with and without peptide. Our goal is to acquire an atomic-level
understanding of the effect that the RM environment (w0 = 6) has on the conformational
folding equilibrium of the alanine-based peptide, AKA2 (Ace-YGAKAAAA-(KAAAA)nG-
NH2 where n = 2). The study is designed to address a number of questions related to micelle
structure and fluctuations, as well as the nature of the AKA2 peptide conformational struc-
ture and dynamics in bulk water and in a RM environment. How do we characterize the
RM structure and fluctuations? How do we characterize the structure of the peptide within
the RM environment? How is the peptide conformational equilibrium influenced by the
constraints imposed by the RM environment relative to its structure in bulk solvent? Is the
peptide primarily solvated within the RM or are there significant interactions between the
AOT and the peptide? Our simulation results address each of these questions and provide
important insights essential to the interpretation of experimental studies of the peptide’s
structure and dynamics in the RM environment.
3.2 Methods
RM simulations were performed where the overall geometry was (1) restrained to retain
the overall spherical shape of the RM water droplet, by imposing a harmonic restraining
force to the charged head groups of the AOT surfactant molecules, or (2) unrestrained.
In the restrained simulations, the AOT head groups were maintained within a spherical
annulus of radius ranging from 13 to 15 Å. Four separate RM simulations were performed
including (1) restrained RM, (2) unrestrained RM, (3) AKA2 peptide in a restrained RM
environment, and (4) AKA2 peptide in an unrestrained RM environment. All simulations
performed on the AOT/H2O/isooctane assembly included sodium counter ions to ensure
overall electroneutrality. The initial helical configuration of the AKA2 peptide in each
system was generated using the CHARMM32 package with the CHARMM27 all–atom force
field [61]. No CMAP correction was used. The TIP3 water model was used and force field
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parameters for the AOT and isooctane were taken from Abel et al. [45]. The parameters
for the size of the RM and the number of surfactant and water molecules were based on
the work of Amararene et al. [41]. For reference, two AKA2 peptides were simulated in
a bulk water environment. To test the sensitivity of the results on the specific force field
used, complementary simulations were performed using the GROMOS96 53a6 force field
and the GROMACS [86] simulation program resulting in similar ranges of average elliptical
radii and radius of gyration explored. This consensus check suggests that these results
are robust for the system studied. Equilibration and production runs were performed with
NAMD [62]. Details regarding the initial conditions, equilibration, and production runs are
provided in Section 3.A. Simulation details are summarized in Table 3.1.
Table 3.1: Simulation details for the composition and duration of all simulations,
including water loading (w0), number of AOT molecules (nAOT ), number of counteri-
ons (ncounterions), number of water molecules (nH2O), number of isooctane molecules
(niso) and production run time in nano-seconds (t (ns)).
System w0 nAOT ncounterions nH2O niso t (ns)
restrained RM 6 80 70 Na+ 474 ∼1542 50
unrestrained RM 6 80 80 Na+ 474 ∼1542 50
AKA2 + restrained RM 6 80 77 Na+ 474 ∼1542 50
AKA2 + unrestrained RM 6 80 77 Na+ 474 ∼1542 50
AKA2 + bulk solvent n/a n/a 6 Cl− 3968 n/a 50
3.3 Results
Simulations of the reverse micelles for water loading of w0 = 6 were carried out (1) in
the presence and absence of spherical restraints and (2) with and without AKA2 peptide.
The results of the peptide simulations were compared with standard results for the AKA2
peptide in bulk aqueous solution.
The reverse micelle shows substantial deviations from spherical geometry.
The structure of the reverse micelle was analyzed visually, through evaluation of the radius
of gyration and ellipticity parameters, and through the computation of the radial pair
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distribution functions (PDFs) associated with the water droplets of the final structures of
the restrained and unrestrained RM simulations.
The final snapshot for the restrained micelle and two views of the final snapshot for
the unrestrained RM are shown in Figure 3.1 along with the corresponding PDF of each
water droplet. The PDFs for the water in each restrained RM were fit to a Gaussian, and
the PDFs for the water in each unrestrained RM were fit to the sum of two Gaussians.
These representative structures demonstrate the strong deviations from spherical geometry
observed in our simulations of the RM with water loading w0 = 6. The distorted Gaussian
shape of the unrestrained RM is similar to that observed by Yano et al. [80] for reverse
micelles with small w0 values.
The unrestrained RM is commonly found in geometries that are best described as
toroidal or disc-like. It is not uncommon to see the unrestrained water droplet assume
a toroidal shape with a center formed by a concentration of nonpolar aliphatic tails of the
AOT molecules. The AOT tails are observed to interact with and stabilize a “pinch” in
the RM surface. These substantial deviations from spherical structures lead to distinct
signatures in the distribution functions. For toroidal structures, the distribution function
shows two clear peaks while those of spherical RMs are unimodal.
As an additional order parameter for the characterization of structural fluctuations in
the RMs, the radii of gyration for the full RM assemblies and the RM water cores are shown
in Figures 3.2 and 3.3 (data shown here is for CHARMM simulations only). The radius
of gyration values for the last 15 ns of the simulations are projected in the histograms
on the right in each figure. An analysis of these plots demonstrates that the deviation
from the initial shape and size of the unrestrained RMs is established within the first few
nanoseconds. It is also interesting to note that the radius of gyration of the restrained
RM with the AKA2 is slightly larger than that of the restrained RM. Upon insertion of the
peptide into the RM, the RM expands to accommodate the larger volume in its interior. The
opposite is seen for the unrestrained RM systems. It seems that presence of the peptide is
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Figure 3.1: Radial pair distribution functions (PDF) computed for the reverse
micelle water core for the instantaneous final structures of the RM only (top) and
the RM including AKA2 (bottom) simulations. The pink triangles and green boxes
represent data points calculated for the trajectories. The solid black lines are the
Gaussian functions fit to the data. Final structures of the reverse micelle assembly
sampled from dynamical simulations are shown of the restrained RM systems (left)
and unrestrained systems (right). The transparent stick model represents the AOT
surfactant molecules (blue), while the space-filling model represents the water (cyan)
and sodium counterions (yellow).
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correlated with the geometries of the unrestrained RMs as the RM with no peptide becomes
much more disc-like than the RM with the AKA2 peptide.
The average radius of gyration values over the last 15 ns of simulation (RRM , Rwat) and
their associated standard deviations (σRM , σwat, respectively) were also computed for all
CHARMM and GROMACS simulations. This data is shown in Table 3.2 along with initial
(RiRM , R
i
wat), final (R
f
RM , R
f
wat) and overall averages (R
avg
RM , R
avg
wat) of the radii of gyration.
The average radii of gyration for the last 15 ns of simulation are larger for the unrestrained
RM systems (for both the full RM and the water core). The standard deviations have the
same trend, although less pronounced for the GROMACS systems. This further indicates
that the unrestrained RMs deviate from a spherical shape, whereas the size and shape of the
spherically restrained RM systems remain relatively constant throughout the simulation.
Figure 3.2: Radius of gyration versus time plot for the full reverse micelle assemblies
of the restrained RM (black), unrestrained RM (red), restrained RM with AKA2
peptide (green), and unrestrained RM with AKA2 peptide (blue) systems. The
histogram to the right shows the population of radius of gyration values for the last
15 ns of simulation.
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Figure 3.3: Radius of gyration versus time plot for the water droplet of the re-
strained RM (black), unrestrained RM (red), restrained RM with AKA2 peptide
(green), and unrestrained RM with AKA2 peptide (blue) systems. The histogram
to the right shows the population of radius of gyration values for the last 15 ns of
simulation.
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Table 3.2: Characteristics of distributions of the radius of gyration of the full reverse micelle assemblies and the radius
of gyration of the water cores, where (RRM), (Rwat), σRM , and σwat are the averages and standard deviations over the
last 15 ns of the trajectories. RiRM , R
i
wat and R
avg
RM , R
avg
wat and R
f
RM , R
f
wat are the initial, averages over entire trajectories
and final radius of gyration, respectively.
System RiRM R
avg
RM R
f
RM RRM σRM R
i
wat R
avg
wat R
f
wat Rwat σwat
Reverse micelles - CHARMM force field
restrained RM 18.6 18.2 18.2 18.2 0.02 12.6 12.3 12.2 12.3 0.05
unrestrained RM 18.3 21.4 22.3 22.2 0.23 12.4 17.1 18.4 18.0 0.34
AKA2 + restrained RM 18.6 18.6 18.6 18.6 0.02 13.0 13.1 13.2 13.2 0.08
AKA2 + unrestrained RM 18.5 20.0 20.4 20.5 0.16 13.0 15.9 16.7 16.7 0.23
Reverse micelles - GROMOS force field
AKA2 + restrained RM 18.6 18.6 18.6 18.6 0.03 13.8 15.2 15.5 15.4 0.08
AKA2 + unrestrained RM 18.6 19.7 19.7 19.8 0.07 13.8 17.5 18.0 17.8 0.09
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A similar trend is seen in observations of the degree of hydration, defined as the num-
ber of water molecules within 4 Å of the central SO3 moiety of the AOT head groups
(NAOT ,σAOT ) and the sodium counterions (NNa, σNa), as shown in Table 3.3. Upon re-
moving the spherical restraints on the RM structure, a significant increase in the degree
of hydration of the AOT head groups and, to a lesser extent, the sodium counterions is
observed. This suggests that the deviation of size and shape of the unrestrained RM is
driven by the reorganization of water molecules in the process of hydrating the AOT head
groups and sodium counterions. A more detailed description is available in the Section 3.A.
Table 3.3: Characteristics of distributions of the hydration of AOT head groups
(NAOT ), and ion association distances (NNa) and their associated standard deviations
(σAOT , σNa).
System NAOT σAOT NNa σNa
Reverse micelles - CHARMM force field
restrained RM 324 5 2 301 9 2
unrestrained RM 385 11 5 334 10 8
AKA2 + restrained RM 342 4 6 307 8 2
AKA2 + unrestrained RM 377 12 2 318 12 9
Average elliptical radii values calculated for all RM systems are shown in Table 3.4.
Results obtained for the CHARMM and GROMACS simulations of the RMs with the AKA2
peptides are almost the same for the restrained systems. In the unrestrained systems, the
numbers suggest that CHARMM RM is flatter than the GROMACS RM, but both lose the
initial spherical geometry. In all cases, the values for the restrained RMs are lower than for
the unrestrained RMs further emphasizing that the restrained RMs maintain their spherical
shape while the unrestrained RMs do not. Our values are comparable to those obtained
by Pieniazek et al. whose elliptical radii averages also suggest that unrestrained RMs of
similar water loadings deviate from their initial spherical shape [84].
Different structures of the AKA2 peptide are observed in the bulk solvent,
restrained RM, and unrestrained RM environments. The root mean square devi-
ations (RMSD) of the AKA2 peptide backbone were calculated as a way to quantify the
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Table 3.4: Average elliptical radii (〈a〉, 〈b〉, 〈c〉) for RM simulations in CHARMM
and GROMACS.
System 〈a〉 〈b〉 〈c〉
Reverse micelles - CHARMM force field
restrained RM 14.8 ± 0.04 14.9 ± 0.04 15.0 ± 0.04
unrestrained RM 14.2 ± 0.70 17.6 ± 1.34 20.1 ± 1.21
AKA2 + restrained RM 15.1 ± 0.03 15.1 ± 0.21 15.3 ± 0.03
AKA2 + unrestrained RM 15.0 ± 0.33 16.6 ± 0.58 17.4 ± 0.63
Reverse micelles - GROMOS force field
AKA2 + restrained RM 15.1 ± 0.04 15.2 ± 0.03 15.4 ± 0.04
AKA2 + unrestrained RM 15.1 ± 0.10 15.6 ± 0.13 17.6 ± 0.35
structural changes of the peptide in the three different systems: bulk solvent, restrained
RM, and unrestrained RM. Analysis of the RMSD versus time plot shows that the AKA2
peptides in bulk water deviate significantly from their original structures and have large
fluctuations in their RMSDs. In contrast, the AKA2 peptides in the RMs show much less
deviation from their initial values, and the smaller fluctuations in RMSD indicate the pep-
tide backbones are constrained, especially in the case of the AKA2 in the restrained RM.
The radius of gyration versus percent helicity plot (see Figure 3.4) reinforces the finding
that AKA2 peptides in bulk are no longer helical by the end of the simulation and that the
peptide in the restrained RM has more helical character (and a smaller radius of gyration)
than the peptide in the unrestrained RM.
The progression of change in secondary structure for each CHARMM system is shown
clearly in Figure 3.17. The AKA2 peptides in both restrained and unrestrained reverse
micelles clearly maintain their helicity in the core residues of the peptide throughout the
simulation, while the peptides in bulk water lose all their helicity within the first 10 ns.
Results for the GROMACS systems show the same trend (see Section 3.A). The defini-
tion of helicity used in both Figures 3.4 and 3.17 is based on Kabsch and Sander’s DSSP
Method [87].
Partially folded peptide structure is stabilized by nonpolar interactions with
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Figure 3.4: Radius of gyration versus percent helicity plot for the last 5 ns (45 ns
- 50 ns) of the simulation of AKA2 in bulk water (green stars), restrained RM (blue
Xs), and unrestrained RM (red crosses) environments. The results indicate that the
peptides in bulk water do not retain their initial helical structure. The peptide in
the restrained RM remains mostly helical and has a lower radius of gyration that the
peptide in the unrestrained RM, which is slightly less helical.
AOT. To determine how hydration affects the structure and dynamics of AKA2, we ana-
lyzed the degree of hydration of the peptide backbone as a function of time (see Figure 3.6).
The hydration level of the AKA2 peptide in a restrained RM environment is observed to be
constant throughout the simulation. The AKA2 peptides in bulk water show a significantly
higher degree of hydration due to the unfolded coil state of the peptide. In the unrestrained
RM environment, the hydration level of the peptide backbone decreases significantly below
the value observed in bulk water.
The average number of contacts of the peptide with AOT head groups, AOT tail groups,
sodium counterions, and waters (see Figure 3.7) show that the N- and C-terminal ends
of the peptide associate with the AOT head groups and sodium counterions in both the
restrained (black) and unrestrained (red) RM environments. In addition, the results show
that the central portion of AKA2 in the restrained RM environment has significant contact
with water and little contact with the AOT tail groups. The opposite effect is seen in
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Figure 3.5: Structure of residues versus time plot. Results demonstrate that in a
RM environment, the structure of AKA2 is significantly helical as compared to its
structure in bulk water. In both reverse micelles, the peptides maintain a helical core
and the peptides in bulk water lose all helicity in the first 10 ns of simulation.
Figure 3.6: Hydration number (waters within 4 Å) of peptide backbone versus
time plot. Results demonstrate that in an unrestrained RM environment AKA2
experiences a decrease in backbone hydration. The histogram to the right shows the
population of hydration number values for the last 25 ns of simulation.
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the unrestrained RM environment where the central portion of the peptide has significant
contact with the AOT tail groups and little contact with water.
Figure 3.7: Average contact (group within 4 Å) for AKA2 residues with AOT head
group atoms (top), AOT tail group atoms (second), sodium counterions (third), and
water (bottom). The results demonstrate that in both the restrained (black) and
unrestrained (red) RM environments the N- and C-terminal ends of the peptide have
significant contact with the head groups and sodium counterions. In the restrained
RM environment, the central portion of the peptide has extensive contact with water,
unlike the peptide in the unrestrained RM, which has significant association with the
AOT tail group atoms and little contact with water.
Analysis of the initial and final AKA2 structures in the unrestrained RM environment,
including atoms within 5 Å of the peptides (see Figure 3.8), demonstrates that the AOT
tail groups interact strongly with the central portion of the peptide. Those interactions
effectively dehydrate the peptide, immersing it in a low dielectric environment, thereby
stabilizing the helical peptide geometry. The degree of hydration of AKA2 in the unre-
strained RM (see Figure 3.8) indicates that the hydration of the helical residues decreases
throughout the simulation, while that of the coil residues remains relatively constant.
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Figure 3.8: Hydration number (waters within 4 Å) per AKA2 residue versus time in
an unrestrained RM. Results demonstrate that the hydration of the helical residues
(green) decreases, while hydration of the coil residues (red) remains relatively con-
stant. The final AKA2 structure, shown on right, includes water (cyan), AOT (blue),
and sulfur atoms of AOT (yellow) within 5 Å of the peptide.
3.4 Discussion
We have used MD simulations to obtain an atomic-level understanding of the structure
and fluctuations of a reverse micelle assembly in the presence and absence of the alanine-
rich AKA2 peptide. As had been observed in earlier simulations by Abel et al. [45, 83]
and Brodskaya and Mudzhikova [47] substantial deviations from spherical geometries are
observed for the unrestrained reverse micelle and are found to be an essential feature of the
RM solvation environment.
RM environment stabilizes peptide helix formation at w0 = 6. In simulations of
the AKA2 peptide in a spherically restrained reverse micelle environment, the peptide main-
tained most of its initial helical structure for the course of the simulation and demonstrated
relatively small structural fluctuations. In simulations of the AKA2 peptide in bulk water
solution, the peptide was found to adopt random coil conformations and demonstrate large
structural fluctuations. In contrast, simulations of the AKA2 peptide in an unrestrained
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RM resulted in a partially folded peptide with a random coil structure in the N- and C-
terminal regions and a helical structure in the core region. These results are in qualitative
agreement with the experimental observations of Mukherjee et al. [29, 68]. Importantly, we
observe that the partially folded peptide structure is stabilized by (1) strong solvation of
the unfolded, coil structure in the N- and C-terminal regions and (2) substantial interac-
tion with the aliphatic tail groups of the surfactant molecules that stabilize the helical core
region. Similar interactions were seen in the MD simulations of the AK4 peptide in a self-
assembling RM environment performed by Tian and Garcia [85]. It was observed that the
AK4 peptide remained helical throughout the simulation, and once the RM encapsulation
occurred, the peptide interacted mainly with the AOT head and tail groups. The peptide
backbone had some interaction with water, but significantly less than in bulk water.
Our simulations support the conclusion of Mukherjee et al. [29, 68] that the AKA2
peptide is partially helical and partially dehydrated in the RM environment. Importantly,
our simulations indicate that the dehydration of the peptide is driven by direct interactions
between the peptide and the nonpolar AOT tail groups, in addition to the limited availability
of water.
Interpretations of water loading and limitations of spherical RM models. Our
simulations of the strucure and dynamics of RMs with a water loading of w0 = 6 suggest
that there are substantial deviations from the assumed spherical geometry employed in the
pioneering simulations of Faeder and Ladanyi [88, 89] More recent work [47, 84] suggests
that reverse micelles are less spherical than originally presumed. The simulations reported
here represent a single monodisperse interpretation of the water loading of w0 = 6, with 474
water molecules and 80 AOT molecules. In a RM solution, the water loading represents the
bulk ratio of water to AOT molecules. The actual size of a RM may vary somewhat from
that number due to (1) thermal fluctuations inducing polydispersity in the [water]/[AOT]
ratio in an ensemble of spherical RMs and (2) deviations from a spherical geometry that
may vary the ratio of interior volume (related to the number of water molecules) to surface
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area (defined by the number of AOT head groups and the surface area per head group).
It is the latter effect that would appear to represent the most significant contribution to
variations in the most probable RM size for a given water loading, particularly for smaller
loadings such as w0 = 6.
Will different interpretations of the number of AOT molecules corresponding to w0 =
6 affect our results in a significant way? Based on prior simulations of the interpretation of
various water loading ratios, the number of AOT molecules for solutions with w0 = 5 and w0
= 7 would lead to an estimate of 76 AOT molecules for w0 = 6. The simulations of Abel et
al. [45] employed an AOT count of 82 for a RM of w0 = 7, a value that is 10% lower than the
estimate based on the interpretation of SAXS experiments [41]. We consistently observe that
each AOT head group supports a solvation shell of 5 water molecules. We conjecture that
the strong solvation of the AOT head groups depletes the number of free water molecules in
the RM interior. The effect of enhancing the “skin” of the RM relative to its “load” increases
the propensity of the RM to pucker, leading to the observed “pinched” toroidal geometries.
Additional exploratory simulations with slight variations in the [water]/[AOT] ratio were
carried out and indicate that small variations of 3 to 4 in the number of AOT molecules
used in our interpretation of w0 = 6 will not change this behavior in a significant way.
Deviations from a spherical geometry allow for significant enhancements in the hydration
of the AOT head groups. As such, non-spherical RMs are expected to have a larger fraction
of water molecules associated with the first solvation shell of the AOT-water interface,
leading to (1) a reduction in the number of free water molecules in the RM interior and
(2) an increase in the surface area per AOT head group. That effect leads to a decreased
average mobility of water in the non-spherical micelles relative to the idealized spherical
geometries. Most significantly, the extensive recruitment of water to the AOT head groups
and sodium counterions lowers the activity of water molecules in the RM interior, making
the water less available to solvate peptides dissolved in the RM.
Considerations for peptide folding in larger reverse micelles. Our simulations of
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the structure and dynamics of the AKA2 peptide in a reverse micelle environment have been
restricted to the RM with a water loading of w0 = 6. Experimentally, Gai and coworkers
have explored RMs with water loadings as large as w0 = 20 [68]. Experimental findings
suggest that larger RMs are more likely to maintain a spherical geometry than RMs with
smaller water loadings [80].
The solvation of the peptide in a more spherical RM environment should influence the
overall ensemble of coil, partially helical, and fully helical peptide conformations. Our sim-
ulations indicate that for w0 = 6, deformations in the RM allow for the partial nonpolar
solvation of the core region of the AKA2 peptide, stabilizing the local helical peptide ge-
ometry. With increasing water loading, we expect that the activity of water will increase,
allowing for more complete solvation of the peptide and relative stabilization of the coil
states. In the limit that the RM is very large, we expect the peptide conformational equi-
librium to resemble that of the peptide in bulk aqueous solvent where it exists predominately
in a coil geometry.
Connection to protein folding near a membrane interface. Early computational
studies, including those of melittin [90, 91] and alamethicin [92, 93] in lipid bilayers, have
provided insight into the role of a water-membrane interface in stabilizing the folded state of
amphipathic helical proteins. By breaking the symmetry of the bulk solvent, peptides with
a sequence that supports a folded state having a nonpolar face and a polar face have been
known to associate with a membrane interface stabilizing the helical conformation both (1)
at the interface (relative to bulk solution) and (2) in the helical conformation (relative to
the disordered coil state). Similar driving forces are at play for peptide folding in a RM
environment.
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3.A Supplemental Information to Chapter 3
3.A.1 Simulation Methods
CHARMM and NAMD
Once construction of the reverse micelle was complete it was then inserted into a cubic
box of liquid 2,2,4–methylpentane (isooctane) with dimensions of 80 Å per side. Isooctane
molecules within 1 Å of any component of the micelle were removed. During the first 400
ps of dynamics, the distance between the sulfur atoms of the AOT molecules and the cen-
tral dummy atom was harmonically restrained to be between 13 Å and 15 Å with a force
constant of 2 kcal/mol/Å2. In the unrestrained RM simulations, the distance restraint was
gradually eliminated during the subsequent 400 ps of dynamics. In the AKA2 simulations
in a RM environment, the peptides were held fixed during the equilibration period. Follow-
ing the equilibration phase, a production simulation was run for 50 ns at constant pressure
(1 atm) and temperature (300 K).
GROMACS
To build the reverse micelle system, the AKA2 peptide was solvated in a sphere of 474
waters and 77 sodium counterions. Then 80 AOT molecules were placed randomly around
the sphere in a cubic box. The system was minimized for 1000 steps using the method of
steepest descent and then equilibrated for 10 ps. During the equilibration, the positions of
everything except the AOT molecules were fixed, and the reverse micelle was able to form
quickly.
The resulting reverse micelle was solvated with a previously equilibrated dodecahercal
box of isooctane. A dummy atom was inserted at the center of the RM and a distance
restraint of 17 Å was placed between the sulfur atom of each AOT and the dummy atom.
The system was equilibrated for 200 ps at constant pressure (1 atm) and temperature (300
K) using the Berendsen algorithm [66]. Under the same conditions, a subsequent 1 ns
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equilibration was performed only restraining the peptide backbone and the sulfur atoms.
During the 50 ns production run for the restrained RM, the distance between the sulfur
atoms and the dummy atom was harmonically restrained to be 17 Å. For the unrestrained
RM, the distance restraint between the sulfur atoms and the dummy atoms was removed
after the equilibration process, before for the 50ns production run.
A system of two AKA2 peptides in bulk water was also simulated. The peptides were sol-
vated in a previously equilibrated truncated octahedron water box. The peptide backbone
was restrained during minimization and 1 ns equilibration, which were run under the same
minimization and NPT conditions as the reverse micelle system. Following equilibration, a
50 ns simulation was run at constant pressure and temperature.
3.A.2 Figures
CHARMM
The root mean square deviations (RMSDs) of the AKA2 peptide backbone as a func-
tion of time are shown in Figure 3.9. The AKA2 peptides in bulk water (green and blue
lines) show significant deviations from their original structure and large fluctuations in their
RMSDs. The final structures of the peptides in bulk reveal that they do not retain their
initial helical structure (see Figure 3.9). Conversely, the RMSD for the AKA2 peptide in the
spherically restrained RM (orange line) shows little deviation from its initial value and the
small fluctuations in RMSD indicate that the peptide backbone is highly constrained. This
phenomenon is further illustrated through the final helical structure of the AKA2 peptide
(see Figure 3.9).
The AKA2 conformational dynamics in an unrestrained RM environment leads to a
partially folded peptide, with a structure intermediate between that of (1) the compact,
helical peptide observed in the spherically restrained RM simulation and (2) the disordered
peptide observed in simulations in bulk solvent. The RMSD fluctuations indicate that the
original helical structure is preserved in the central portion of the peptide, whereas the
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Figure 3.9: RMSD of peptide backbone versus time reveals that AKA2 in a re-
strained RM remains helical, while the structure of AKA2 in an unrestrained RM
or bulk water deviates from the initial helical conformation, the AKA2 in the unre-
strained RM less so that the peptides in bulk. The final structures of AKA2 in each
environment are shown to the right of the corresponding line.
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ends of the peptide unwind into a coiled structure. Separate RMSD analyses of the helical
and coiled regions were performed (see Figure 3.10). The results indicate that the central
residues of the peptide remain helical throughout the simulation with little deviation from
their original structure, while the coiled residues lose helicity after a few nanoseconds and
demonstrate large fluctuations in backbone motion.
Figure 3.10: RMSD versus time plot of AKA2 in an unrestrained RM. The re-
sults demonstrate that the central residues of the peptide (residues 6-16) remain
helical throughout the simulation, while the coiled residues lose helicity after a few
nanoseconds.
Figures 3.11 and 3.12 show the time dependence of the hydration number (water molecules
within 4 Å) of the AOT head groups and sodium counterions, respectively. A substantial
increase in the degree of hydration of the head groups and counterions is observed within
the first few nanoseconds of the simulation. This indicates that the deviation of shape and
size of the unrestrained RM is driven by the reorganization of water molecules in the process
of hydrating the AOT head groups and sodium counterions.
GROMACS
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Figure 3.11: Hydration number (number of waters within 4 Å) of AOT head groups
versus time plot for the restrained RM (black), unrestrained RM (red), restrained
RM with AKA2 peptide (green), and unrestrained RM with AKA2 peptide (blue)
systems.
Figure 3.12: Hydration number (number of waters within 4 Å) of sodium counteri-
ons versus time plot for the restrained RM (black), unrestrained RM (red), restrained
RM with AKA2 peptide (green), and unrestrained RM with AKA2 peptide (blue)
systems.
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Analysis of the GROMACS trajectories was performed to provide a direct comparison
between the results for the two force fields. Overall there is a qualitative agreement on all
fronts between the two data sets leading us to believe that our system is an adequate one,
which captures the major complexities of the RM environment. Radial pair distribution
functions (PDFs) were calculated for the restrained and unrestrained micelles with the
AKA2 peptide (see Figure 3.13). As in the CHARMM simulations, the unrestrained RM
PDF shows a double Gaussian distribution indicating the RM deviated from its original
spherical shape to a more toroidal structure.
The RMSD of the peptide backbone in both RMs and in bulk water (see Figure 3.14) is
very similar both qualitatively and quantitatively to the RMSD calculated for the CHARMM
runs with larger values for the peptides in bulk water as compared to those in the RMs. The
only significant difference, which is not obvious from the figure, is that the AKA2 peptides in
the unrestrained RMs unfold in slightly different fashions. In the GROMACS unrestrained
RM, the AKA2 unwinds at the C-terminal, while the N-terminal remains helical. In the
CHARMM unrestrained RM, the AKA2 unwinds at the C-terminal, but the tail end of the
N-terminal unwinds also. This seems to be driven by the interaction of the Lys4 residue
with the negatively charged sulfur heads of AOTs. In the GROMACS run, the Lys4 pulls
away from the peptide backbone and is stabilized by the proximity of the negative sulfurs.
In the CHARMM run, the Lys4 flips up towards the Tyr1. This pushes the Tyr1 out of
the way and unwinds the N-terminal. However, the overall RMSD of the two peptides is
similar.
The percent helicity versus radius of gyration (see Figure 3.15) varies slightly, in par-
ticular for the helicity of the AKA2 in the restrained RM. For the AKA2 peptide in the
CHARMM restrained RM, residues 15, 16, 17 and sometimes 14 fluctuate between an α-
helix and a 3-10 helix. The percent helicity versus radius of gyration plot only includes α-
helicity percentage. So while the peptides are both very helical, the AKA2 in the CHARMM
trajectory has less residues that are α-helical. As the difference is small between the two
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Figure 3.13: Radial pair distribution function (PDF) computed for the RM water
core for the instantaneous final structure of the RM including AKA2 in the GRO-
MACS simulations - restrained RM system (left) and unrestrained system (right).
The pink triangles and green boxes represent data points calculated for the tra-
jectories. The solid black lines are the Gaussian functions. The transparent stick
model represents the AOT surfactant molecules (blue), while the space-filling model
represents the water (cyan) and sodium counterions (yellow).
Figure 3.14: RMSD of peptide backbone versus time reveals that AKA2 in a re-
strained RM (orange) remains helical, while the structure of AKA2 in an unrestrained
RM (red) or bulk water (blue and green) deviates from the initial helical conforma-
tion; the AKA2 in bulk water much more so than the AKA2 in the unrestrained
RM.
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Figure 3.15: Radius of gyration versus percent helicity plot for the last 5 ns (45 ns
- 50 ns) of the simulation of AKA2 in bulk water (green stars), restrained RM (blue
Xs), and unrestrained RM (red crosses) environments. The results indicate that the
peptides in bulk water do not retain their initial helical structure. The peptides in
the restrained and unrestrained RMs retain a significant portion of their initial helical
character, yet the peptide in the unrestrained RM has a larger radius of gyration and
a lower percent helicity.
types of helices (3.5 residues per α-helical turn and 3 residues per 3-10 helical turn) it seems
fair to say that the simulations in the two different force fields give essentially the same
results. Visually, the two AKA2 peptides (CHARMM and GROMACS) are very similar as
can been seen from Figure 3.16, which shows the overlaid peptide backbones along with a
PCA plot reflecting change in peptide structure. Figure 3.17 shows changes in secondary
structure with respect to time for each residue in each of the RMs and in bulk. The peptides
in the reverse micelles maintain their helical cores while the peptides in the bulk water lose
their initial helical structure in the first 10 ns of the simulation. The peptide secondary
structure definitions used in both Figures 3.15 and 3.17 are based on Kabsch and Sander’s
DSSP Method [87].
Figure 3.18 shows the hydration number (waters within 4 Å) of the peptide backbone.
The difference to be noted here is that the hydration number for the peptides in the RMs
is lower than that of the peptides in the RMs in the CHARMM simulations. We do not
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Figure 3.16: PCA of the CHARMM restrained RM (orange) and unrestrained RM
(red), GROMACS restrained RM (blue) and unrestrained RM (green). Points on
plot show that a change in secondary structure takes place. The structures on the
right show the overlaid peptide backbones of the AKA2 in the restrained RM (top)
and the AKA2 in the unrestrained RM (bottom).
consider this difference to be particularly force field-dependent because the peptides in the
RMs are very similar. The charges on the AOT headgroups are larger in the GROMACS
force field than in CHARMM. Therefore, we would expect the AKA2 in the GROMACS
simulations to be less hydrated. Figure 3.19 shows the hydration number per residue of the
AKA2 in the unrestrained RM versus time. While the hydration number differs from the
CHARMM simulation at the beginning, by the end of the 50 ns run, the level of hydration
of the helical and coil residues is in good agreement with the GROMACS trajectory results.
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Figure 3.17: Structure of residues versus time plot. Results demonstrate that in
a RM environment, the structure of AKA2 is significantly helical as compared to its
structure in bulk water. In both RMs, restrained (rest) and unrestrained (unrest),
the peptides maintain a helical core throughout and the peptides in bulk water lose
all helicity in the first 10 ns of simulation.
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Figure 3.18: Hydration number (waters within 4 Å) of peptide backbone versus
time plot. Results demonstrate that in an unrestrained RM environment AKA2 is
slightly less hydrated than in a restrained RM and that both peptides experience
some level of dehydration. Lines indicate peptides in aqueous solution (green and
blue), restrained RM (orange), and unrestrained RM (red).
Figure 3.19: Hydration number (waters within 4 Å) per AKA2 residue versus time
in an unrestrained RM. Results demonstrate that the hydration of helical residues
(green) decreases by the end of 50 ns, while hydration of the coil residues (red)
fluctuates quite a bit, but remains relatively constant by the end of the simulation.
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Chapter 4
Probing the Structure and Dynamics of Confined Water in
AOT Reverse Micelles
Reverse micelles are attractive nanoscale systems used for the confinement of molecules in
studies of structure and chemical reactions, including protein folding and aggregation. The
simulation of reverse micelles, in which a water “pool” is separated from a non-polar bulk
phase by a surfactant layer, poses significant challenges to empirical force fields due to the
diversity of interactions between non-polar, polar, and charged groups. We have explored
the dependence of system density, reverse micelle structure, and water configurational re-
laxation times as a function of reverse micelle composition, including water:surfactant ratio,
absolute number of water molecules, and force field using molecular dynamics simulations.
The resulting structures and dynamics are found to depend more on the force field used
than on varying interpretations of the water:surfactant ratio in terms of absolute size of
the reverse micelle. Substantial deviations from spherical reverse micelle geometries are
observed in all unrestrained simulations. Rotational anisotropy decay times and water res-
idence times show a strong dependence on force field and water model used, but power-law
relaxation in time is observed independent of the force field. Our results suggest the need for
further experimental study of reverse micelles that can provide insight into the distribution
and dynamics of shape fluctuations in these complex systems.
4.1 Introduction
Reverse micelles have been the subject of experimental studies since the early 1940s [34].
Reverse micelles allow for a tunable amount of water to be encapsulated within a membrane
like environment. The water cores of RMs have been found to behave similarly to cavities
found in biological systems [19], where the water-surfactant interface of reverse micelles
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mimics that behavior in a less complex environment and on a smaller scale [39]. These
properties make RMs powerful tools in which to probe confinement effects and dehydration
on biological molecules [29, 31, 52].
AOT is a commonly used surfactant as it readily forms RMs in non-polar solvents
without a co-surfactant. AOT’s branched structure allows the molecules to pack together
and dissolve large amounts of water [37, 38]. The shape, size and composition of RMs have
been studied using many experimental techniques including NMR [40], SAXS [41], dynamic
light scattering DLS [42], and pulsed gradient stimulated echo [44]. The size of reverse
micelles depends in part on their water loading (w0), which is the ratio of water molecules
to surfactant molecules [36]:
w0 =
[H2O]
[surfactant]
The absolute composition of reverse micelles is still a matter of debate. The two most used
estimates come from Amararene et al. [41] using SAXS and volumetric measurements and
Eicke et al. [42] using analytic ultracentrifuge. These estimates disagree by as much as 35%
for low water loadings (w0 = 3-10), and the Waks work reports very small molecular water
volumes for these. Further, the shape of AOT RMs is also still in question [35].
Significant computational work has been performed using AOT RMs [88, 89, 94, 45,
46, 47, 48, 49, 50, 51, 43]. Some earlier simulations employed implicit solvent models in
which the surfactant head groups were represented by a single charge interaction site, the
water was treated explicitly, and a continuum potential was used to represent the non-polar
solvent and the surfactant tail groups [88, 89, 94]. While useful, the implicit solvent model
employed in that pioneering work failed to provide structural information for the surfactant
or the interaction between the surfactant and the non-polar solvent. These simulations also
spherically constrained the water core of the RM, not taking into account any deformation
in shape or water penetration into the surfactant region of the RM.
To obtain more detailed structural information about reverse micelles, Abel et al. ran
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the first all atom simulations of AOT RMs of w0 = 3, 5 and 7 in isooctane. They observed
that within a few hundred picoseconds the RMs deviated from their original spherical shape
and became elliptical as in the coarse grained RM simulations. The properties of water also
became more bulk-like as the RMs increased in size. This work led to the first insights into
the nature of the equilibrium structural ensemble of AOT RMs [45].
Brodskaya et al. developed a coarse-grained model for AOT surfactant in hexane. They
simulated RMs of w0 = 2, 3, 4 and 5 and studied the effects of size and water content on
structure [46]. In their 2-ns simulations the RMs, which were initially spherical, evolved
into elliptical shapes. The change in shape was less pronounced as the RMs increased in
size [47]. They also studied the translational diffusion within the reverse micelles and found
that mobility of ions, polar heads of AOT, and water increased as the RMs increased in
size [48]. Using a united atom model Chowdhary and Ladanyi simulated AOT RMs (w0 =
2 - 7.5) in isooctane and examined the effect of RM size on structure [49].
Tian and Garcia performed landmark simulations of the self-assembly of RMs [50] for
compositions relevant to w0 = 6 and 11. The simulated dynamics were extensive, showing
the formation of small RMs and RM fusion ultimately forming RMs of an elliptical structure.
Graeve et al. performed experimental and computational studies (including self-assembly)
investigating the size and shape of AOT RMs. In their initial work they observed significant
deviations from the initial spherical shape for small RMs within the 1 ns of simulation time.
They also noted that there is less fluctuation in shape for the larger RMs (w0 > 10) [51].
In a subsequent extensive and critical study of RM structure, they compared the results
of their computational work to dynamic light scattering experiments on the same systems.
They observed highly qualitative agreement between their simulations and experiment, and
found nonspherical shapes for the reverse micelles [43].
Because previous theoretical work has generally employed spherical restraints, focused
on a single w0, used a single absolute composition estimate, or used a single force field,
this work broadens the understanding of how these choices affect AOT RM simulations. In
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this work we used two force fields to simulate 12 reverse micelle systems (four spherically
restrained, eight unrestrained) of w0 = 6 and 10 using both experimental composition
estimates. The compositions of the reverse micelles systems are outlined in Table 4.1.
Table 4.1: Reverse micelle compositions including the water loading (w0), total
number of AOT and water molecules (nAOT and nH2O), the mole fraction of isooctane
(χISO), and the radius of the water pool for each system. The values given for the
radii were the initial values for the unrestrained systems and the distance paramters
placed on the spherically restrained systems throughout the simulations.
Composition w0 nAOT nH2O χISO water radius (Å)
Eicke 6 50 300 0.81 12.00 – 16.00
Eicke 10 97 970 0.80 18.00 – 22.00
Waks 6 76 456 0.81 11.25 – 15.25
Waks 10 129 1290 0.83 18.00 – 22.00
4.2 Results
Agreement between simulated and observed densities Experimentally the density
of the w0 = 6 RMs is observed to be higher than the density of the w0 = 10 RMs [41].
The values we report for the unrestrained CHARMM RMs in Figure 4.8 follow this trend.
For the density calculations we used CHARMM to calculate the volume and density of a
water box to determine appropriate values for probe radius and grid spacing, which were
then used to calculate the volumes and densities for the reverse micelle systems. In all
cases, the Eicke composition leads to a lower density than the Waks composition. While
our simulated densities may be higher or lower than experimental values, are all within
approximately 5% of these values, regardless of composition or force field (for GROMOS
data see Section 4.A). The densities of the spherically restrained RMs are higher than for
the unrestrained RMs, but are still within 2% of the experimental values.
Unrestrained RMs are not spherical. The initial geometry of all simulated reverse
micelles was spherical. In contrast to the shape of the spherically restrained RMs, the shape
of the unrestrained RMs changed significantly. The unrestrained CHARMM RMs evolved
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Figure 4.1: Densities (kg/m3) for all simulated CHARMM RMs. The experimental
values are in dark gray. The densities for the unrestrained RMs are to the left of
the experimental values, and the densities for the restrained RMs are to the right.
All calculated values for the CHARMM simulations are within 2% of the reported
experimental densities.
from spheres to a rod-like shapes, and the unrestrained GROMOS RMs became disc- and
donut-like. To quantify the changes in geometry we calculated several shape parameters
including the moments of inertia, the semi-axes, and the eccentricity of each RM. The
moments of inertia I1, I2, I3 for an ellipse with semi-axes a, b, c are
I1=
m
5
(b2+c2)
I2=
m
5
(c2+a2)
I3=
m
5
(a2+b2)
For spherical objects, I1 ≈ I2 ≈ I3 and a ≈ b ≈ c. For a prolate ellipsoid (or a rod), I1 ≈
I2 > I3, and a ≈ b < c. For an oblate ellipsoid (or a disc) I1 ≈ I2 < I3, and a ≈ b > c.
The eccentricity, e, of a shape is given by
e =
√
1−
c2
a2
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where e is zero for a perfect sphere and e → 1 for disc- and rod-like shapes [45].
Table 4.2 shows the average moments of inertia, the semi-axes, and the eccentricity for
each of the CHARMM unrestrained RMs for the last 15 ns of simulation. The differences in
the values of I1, I2, and I3 and a, b, and c indicate non-spherical shapes. The moments of in-
ertia for the CHARMM systems fluctuated significantly tending towards two large moments
and one smaller one. The semi-axes also fluctuated, tending towards two short semi-axes
and one long semi-axis, indicating a rod-like shape for these systems. The moments of
inertia and the semi-axes for the GROMOS systems fluctuated generally indicating that
the RMs shifted from spheres to disc-like shapes.
The eccentricity for all systems increased with time representing the shape evolution
away from spherical. Figure 4.2 shows the eccentricity parameter for the CHARMM unre-
strained RMs from 10 to 25 ns along with the distribution of eccentricity values for each
RM. For the restrained RMs, there was little fluctuation for all values (data not shown).
Figure 4.10 shows images of the unrestrained RMs for the CHARMM force field at 0, 15
and 25 ns following initial “equilibration.” GROMOS data is available in the Section 4.A.
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Table 4.2: Average values for last 15 ns of simulation time for the moments of inertia I1, I2, I3 (106 amu*Å2), semiaxes
a, b, c (Å), and eccentricity e for CHARMM unrestrained RM systems.
Composition w0 I1 I2 I3 a b c e
Unrestrained RMs - CHARMM force field
Eicke 6 4.1 ± 0.2 5.1 ± 0.3 6.3 ± 0.2 25.8 ± 1.1 21.9 ± 0.9 16.1 ± 0.5 0.78 ± 0.03
Waks 6 6.4 ± 0.8 17.1 ± 2.0 18.4 ± 1.9 47.4 ± 2.3 18.6 ± 0.8 16.9 ± 0.6 0.93 ± 0.01
Eicke 10 12.2 ± 1.0 30.3 ± 2.9 31.7 ± 2.4 45.2 ± 2.8 23.6 ± 1.3 21.1 ± 0.9 0.88 ± 0.02
Waks 10 19.8 ± 1.0 55.8 ± 3.2 61.0 ± 2.3 54.8 ± 1.6 27.8 ± 1.6 21.2 ± 1.2 0.92 ± 0.01
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Figure 4.2: Eccentricity parameter for the CHARMM unrestrained RMs for the
last 15 ns of simulation. The eccentricity parameter is plotted versus time (left) with
the normalized histogram of eccentricity values shown for the last 15 ns (right).
On the basis of these results, we conclude that the shape of the RMs is more dependent
on force field than composition. One main difference between the two force fields is the
partial charges on the atoms. The CHARMM force field assigns a non-zero partial charge to
every atom [61]. The AOT and isooctane parameters of Abel et al. follow this pattern [45].
In the GROMOS force field not every atom has a non-zero partial charge [63]. For AOT
molecules the only atoms with non-zero partial charges are the sulfur, the oxygens, and the
ester carbons. The rest of the aliphatic carbons have partial charges of zero. Because of
the lack of partial charges in the GROMOS parameters there are no coulombic interactions
between the water molecules and the AOT tails, which apparently leads to a stabilization
in the geometry of the reverse micelles. In the CHARMM systems the waters interact more
strongly with the AOT head groups and hydrate the aliphatic tails to some extent. Water
observed to penetrate the surfactant layer allows the shape of the RMs to be more flexible.
Water relaxation shows highly non-exponential behavior The rotational anisotropy
correlation function can be calculated by taking the dot product of the unit vectors, uˆ, in
the direction of the O-H bonds, and then calculating the the correlation function of the
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Figure 4.3: Structures of the unrestrained reverse micelles for the CHARMM force
field. The images from left to right show the structures of the RMs at 0, 15, and
25 ns. The AOT sulfur head groups are represented by yellow sulfur atoms and red
oxygen atoms. The AOT tails are in gray, and the water is in blue.
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second Legendre polynomial, P2, as
C 2(t) = 〈P2(uˆ(t)·uˆ(0))〉
where P2(x) = (3x2-1)/2 and x = cos θ = (uˆ(t)·uˆ(0)) [95]. The second Legendre polynomial
is relevant as it is used in analyzing order of liquid crystals [96]. The limit of 〈P2(x)〉 → 0
indicates a random, isotropic system with fast decay times and 〈P2(x)〉 → 1 indicates a
more ordered system with slow decay times [96].
The second-rank rotational anisotropy decay auto-correlation function (ACF) of the
water was computed and compared to experimental values [84]. The rotational anisotropy
decay ACF provides insight on restrictions in structural dynamics of water in confined areas,
such as RMs of w0 < 20. Experiments show that confined water rotates slowly and has a
long rotational anisotropy decay time [97]. Rotational anisotropy decay times for water in
reverse micelles may be extracted by fitting the ACFs to exponential functions [98, 97, 84].
The rotational anisotropy decay of bulk water and water in large RMs (w0 = 20, 40, 60)
can be fit to a single exponential function. The rotational anisotropy decay of water in
small RMs (w0 < 20) is not observed to decay as a single exponential, with confined water
exhibiting multiple [99] or stretched exponential [84] behavior and multiple relaxation times
on short time scales (∼10-20 ps), and power law decay on longer time scales [100, 101, 102].
Piletic et al. found that for RMs of w0 ≤ 10, the water orientational relaxation behaved
bi-exponentially with long decay times of 50, 30 and 18 ps and short decay times of 0.9,
1.0, and 1.5 ps for RMs of w0 = 2, 5, and 10 respectively [97].
We calculated the rotational anisotropy auto-correlation functions for the last 2000 ps
of our simulations averaging over 1000 ps windows. For short time periods (∼20 ps), the
water rotational anisotropy relaxation in our simulations can be described either by using
a sum of three exponential functions [99, 103] or a stretched exponential function [101,
102, 104]. While the stretched exponential function does provide a good fit to short time
data, an intuitively appealing approach employs a sum of exponentials where “types of
water” are identified in the system with each “type” being associated with a particular
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mean relaxation time. Examples include studies of reverse micelles [99] and studies of
water at the lipid-water interface [103] that suggest the water dynamics are best described
by a sum of three exponentials. Biswas et al. proposed a tri-exponential model in which the
rotational anisotropy decay times were calculated for three layers of water – a surface layer,
an intermediate layer and a central layer. Each layer exhibited tri-exponential behavior,
with the surface layer having the slowest decay times and the intermediate layer having the
fastest decay times [99].
Figures 4.4 and 4.5 show the rotational anisotropy ACFs with tri-exponential fits and
stretched exponential fits for the unrestrained CHARMM RMs. The plots show that the
ACFs fit well to tri-exponential (C0e−x/τ0 + C1e−x/τ1 + C2e−x/τ2) or stretched exponential
(e−(x/τ)
β
) functions up to ∼20 ps, but these functions fail to capture the longer decay time
features of the ACF. For the stretched exponential fits we obtained τ values ranging from
0.61 ps to 0.85 ps and β values between 0.42 and 0.5 for the restrained and unrestrained
CHARMM RMs. Pieniazek et al. [84] obtained β values ranging from 0.17 to 0.37, which
is indicative of collective behavior for the water. The β values they report are for RMs
of w0 = 2, 4 and 7.5. In smaller RMs, water dynamics will be more collective which may
explain the difference in our values. While the GROMOS rotational anisotropy decay times
are much slower, tri-exponential functions also fit the first 20 ps of the ACFs, but fail to
describe the longer decay times. Further analysis is provided in Section 4.A.
For longer time periods of up to approximately 1000 ps, the stretched exponential
model fails to capture the water dynamics. Data from our CHARMM simulations are
better described by a pair of power laws of the form t−b1 and t−b2 where the b1 component
fits longer decay times and the b2 component fits shorter decay times. In Figure 4.6 the
rotational anisotropy ACFs along with the power law fits are plotted on a log-log plot. The
figure shows that the ACFs fit well to a power law t−b1 after ∼1 ps with b1 values between
0.8 and 1.1. A second power law t−b2 (not shown on graph) describes the short times up
to 1 ps with b2 values between 0.33 and 0.4. As the reverse micelles increase in size, the
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Figure 4.4: Rotational anisotropy decay auto-correlation functions for the unre-
strained CHARMM reverse micelles. The inset plot shows that the auto-correlation
functions fit well to a tri-exponential function up to approximately 10 or 20 ps. The
large plots shows that the fit fails to describe the correlation functions on longer time
scales.
behavior of the water approaches that of bulk.
Several other groups have analyzed the rotational anisotropy decay of water in confined
environments other than reverse micelles [100, 105, 106, 104, 101, 102]. They find that while
the initial decay (up to 10 or 20 ps) can be characterized well with a stretched exponential
or sum of exponential functions, the longer decay times are described more accurately by a
power law or a pair of power laws.
Our observation of power-law relaxation of the rotational anisotropy decay for water in
reverse micelles is consistent with observations by Laage and Thompson in their computa-
tional work on water confined in silica pores [100], and experimental work by Scodinu et
al. [105] and Farrer et al. [106] using optical Kerr effect spectroscopy to study orientational
dynamics of confined water.
In addition to the rotational anisotropy decay, we calculated the residence times of the
water molecules with respect to each AOT in the unrestrained RMs for the last 2000 ps.
We defined residence time to be the length of time an individual water molecule remained
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Figure 4.5: Rotational anisotropy decay auto-correlation functions for the unre-
strained CHARMM reverse micelles. The inset plot shows that the auto-correlation
functions fit well to a stretched exponential function up to approximately 10 or 20
ps. The large plot shows that the fits fails to describe the correlation functions on
longer time scales.
within 4 Å of an AOT head group oxygen. The distributions of the residence times for the
unrestrained CHARMM and GROMOS systems are shown on a log-log plot in Figure 4.7.
The residence time distributions, like the rotational anisotropy, decay as power laws. The
CHARMM data is fit well by two power laws and the GROMOS to one. This graph
shows that in general the TIP3P water has shorter residence times than SPC water. The
GROMOS simulations have a larger fraction of waters with residence times of 100 ps or
longer which may contribute to the long rotational anisotropy decay times.
4.3 Discussion
Previous RM simulations by Ladanyi et al. [49], which used the Eicke composition, resulted
in more spherical RMs than what we present here. We believe this difference results from
the force field used. It is important to note that each of our simulations was performed
using parameters specifically for each force field used. In Ladanyi’s model, parameters from
more than one force field were used [49], which may be partially responsible for the observed
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Figure 4.6: Rotational anisotropy decay auto-correlation functions for the unre-
strained CHARMM reverse micelles on a log-log scale. The plot shows that the
auto-correlation functions are described well with a power law decay from 1 to 100ps.
differences [107]. The AOT parameters are similar to those in the GROMOS force field,
with non-zero partial charges on the oxygens and ester carbons but partial charges of zero
on the sulfur atom and the remaining aliphatic carbons. The isooctane carbons also have
partial charges of zero. This means there are only electrostatic and coulombic interactions
between the water and the AOT head group region. This appears to lead to the lack of
water penetration to the AOT tails with the majority of the waters remaining in the core
of the RM. Two additional simulations of the Waks w0 = 6 RM were performed using
CHARMM and GROMOS. In the CHARMM simulations we changed the partial charges
of the AOT and the isooctane to be the same as those used in Ladanyi’s simulations and in
the GROMOS simulations we changed the water from SPC to SPC/E. These changes had
no significant effects on the shapes of the RMs.
Simulations by Graeve et al. [51, 43] resulted in reverse micelles with cylindrical or
elongated donut-like shapes. The type and range of shape fluctuations in our simulations
are consistent with those of Graeve and coworkers, which was also consistent with the results
of their experimental light scattering studies [43]. Their work employed the same force field
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Figure 4.7: Distribution of water residence time for all AOTs head groups in the
unrestrained RMs.
and parameters for AOT as in the CHARMM simulations presented in this work. They
studied RMs of various w0 by keeping the number of AOT molecules constant and varying
the amount of water present. They note that the absolute composition of the RMs is less
important than the water:surfactant ratio as their simulation results are in good agreement
with their experimental studies of the same systems indicating non-spherical RMs.
4.4 Conclusion
Reverse micelles are widely used in experimental studies of molecular structure and dynam-
ics, including protein folding and aggregation, using NMR and optical spectroscopies [40,
41, 42]. Due to the complexity of interactions between the sequestered molecules and the
surrounding water pool and surfactant, simulation studies are essential to the complete in-
terpretation of experimental spectroscopic studies of the structure. We have used two force
fields to simulate reverse micelles based on two alternative interpretations of the water load-
ing in terms of the absolute numbers of water and surfactant molecules determined by two
experimental groups [41, 42]. We find the properties of the RMs to be more dependent on
the size (w0 = 6 vs. 10) and the force field used than the absolute composition. Within each
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force field both compositions yielded similar densities close to the experimental values. The
simulated rotational anisotropy decay times for the water were on the same order of magni-
tude for the w0 values in each force field. The simulations of spherically restrained systems
were used to provide a “control,” with which, for example, we could establish that water
dynamics in the restrained RMs are similar to water dynamics in the unrestrained RMs in
which the water/surfactant interface is structurally distinct. Shape parameters calculated
from the moments of inertia also yielded comparable results indicating rod-like shapes for
the CHARMM systems and disc- or donut-like shapes for the GROMOS systems.
There exist substantial differences in the interpretation of reverse micelle structure and
dynamics in the literature [45, 49, 52, 51, 43]. Most simulation studies support the conclu-
sion that there are significant shape fluctuations, away from the idealized spherical geometry,
that are important to the overall system energetics and dynamics [45, 85, 50]. However,
many experimental studies are interpreted with the assumption of an idealized spherical ge-
ometry of the reverse micelle and internal water pool [79, 37, 30, 31]. Moreover, simulation
studies indicate a broad distribution of relaxation times for water rotational anisotropy,
with significant force field dependence. Further experimental studies of both the structure
and dynamics of reverse micelle systems are needed to clarify the nature of reverse micelle
structure and to evaluate critically the predictions of simulation models.
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4.A Supplemental Information to Chaper 4
4.A.1 GROMOS Results
Density
We used GROMACS to compute the solvent accessible surface area with default parameter
values [108, 109] to calculate the volumes and densities for the GROMOS systems.
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Figure 4.8: Densities (kg/m3) for simulated GROMOS RMs. The experimental
values are in dark gray. The densities for the unrestrained RMs are in blue and
yellow. Calculated values for the GROMOS simulations are within 5% of the reported
experimental densities.
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Shape Parameters
Table 4.3: Average values for last 15 ns of simulation time for the moments of inertia I1, I2, I3 (106 amu*Å2), semiaxes
a, b, c (Å), and eccentricity e for GROMOS unrestrained RM systems.
Composition w0 I1 I2 I3 a b c e
Unrestrained RMs - GROMOS force field
Eicke 6 3.9 ± 0.7 4.2 ± 0.6 5.4 ± 0.8 23.3 ± 0.3 22.3 ± 0.3 16.3 ± 0.3 0.72 ± 0.02
Waks 6 7.4 ± 0.9 9.2 ± 0.1 11.3 ± 0.2 29.0 ± 0.3 24.6 ± 0.2 18.4 ± 0.2 0.77 ± 0.01
Eicke 10 15.7 ± 0.3 16.8 ± 0.3 22.9 ± 0.5 32.5 ± 0.5 30.9 ± 0.5 20.6 ± 0.5 0.77 ± 0.02
Waks 10 24.2 ± 0.8 31.1 ± 0.9 35.5 ± 0.5 37.4 ± 0.8 30.7 ± 0.7 25.5 ± 0.4 0.73 ± 0.02
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Figure 4.9: Eccentricity parameter for the GROMOS unrestrained RMs for the last
15 ns of simulation. The eccentricity parameter is plotted versus time (left) with the
normalized histogram of eccentricity values shown for the last 15 ns (right).
Rotional Anisotropy
We extracted decay times from the tri-exponential fits for the first 20 ps of rotational
anisotropy decay ACFs (shown in Table 4.4). The relaxation times of the water in our
CHARMM simulations are slower than what Biswas saw, but are in closest agreement with
Biswas’s surface layer water in RMs of w0 = 7.5, with one sub-picosecond timescale, one
0.5-1 ps timescale, and one multiple-picosecond timescale [99]. As was the case for Biswas et
al. [99] and Pieniazek et al. [84], the rotational anisotropy decay times observed for the wa-
ter in the CHARMM systems are faster than the experimental values for water in RMs of
comparable size [97]. They do however follow the experimental trend with the w0 = 6 RMs
having longer decay times than the w0 = 10 RMs. For the GROMOS systems, while the
rotational anisotropy decay times for the SPC water are much longer than for the TIP3P
water, the simulations also follow the experimental trend with the water in the w0 = 6 RMs
also showing longer decay times than the water in the w0 = 10 RMs. For bulk water sim-
ulations the rotational anisotropy relaxation time for the TIP3P water model is also faster
than for SPC water model: ∼2.2 ps compared to ∼3 ps [110]. We also obtained τ and β
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Figure 4.10: Structures of the unrestrained reverse micelles for the GROMOS force
field. The images from left to right show the structures of the RMs at 0, 15, and
25 ns. The AOT sulfur head groups are represented by yellow sulfur atoms and red
oxygen atoms. The AOT tails are in gray, and the water is in blue.
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values from the stretched exponential fits for the first 10 ps of the rotational anisotropy
decay ACFs for the CHARMM systems (shown in Table 4.5).
Table 4.4: Rotational anisotropy decay times for the first 20 ps of the ACFs fit to:
f(x) = C0e
−x/τ0 + C1e
−x/τ1 + C2e
−x/τ2
Composition w0 C0 τ 0 (ps) C1 τ 1(ps) C2 τ 2(ps) error
Unrestrained RMs - CHARMM force field
Eicke 6 0.44 0.085 0.44 1.43 0.17 12.0 ± 0.00329
Waks 6 0.43 0.084 0.43 1.52 0.14 12.5 ± 0.00326
Eicke 10 0.41 0.081 0.50 1.12 0.09 8.1 ± 0.00224
Waks 10 0.40 0.085 0.49 1.24 0.11 8.7 ± 0.00239
Unrestrained RMs - GROMOS force field
Eicke 6 0.19 0.007 0.09 2.10 0.71 118.5 ± 0.00181
Waks 6 0.28 0.069 0.08 2.70 0.72 145.0 ± 0.00038
Eicke 10 0.22 0.007 0.18 2.18 0.60 54.2 ± 0.00422
Waks 10 0.24 0.082 0.16 2.92 0.59 60.7 ± 0.00103
Restrained RMs - CHARMM force field
Eicke 6 0.36 0.007 0.49 1.08 0.15 9.8 ± 0.00958
Waks 6 0.36 0.007 0.49 1.07 0.14 11.0 ± 0.01086
Eicke 10 0.32 0.007 0.56 0.93 0.12 7.6 ± 0.00744
Waks 10 0.32 0.007 0.56 0.95 0.12 8.4 ± 0.00772
Water Mobility
Water diffusion rates show strong force field dependence To help explain the dif-
ference in rotational anisotropy decay times between the two water models, we calculated
the mean square displacement (MSD) and diffusion coefficient for the water in each of the
unrestrained RMs for the last 2000 ps of simulation. As the motion of water molecules in
the RM is limited to the water pool, the diffusion is bounded and it is not possible to esti-
mate the diffusion coefficient through fits to the asymptotic dependence of the mean-square
displacement (at long times). As such, these results we present provide insight in the time
scale of water motion but are not intended to represent well-defined diffusion coefficients for
the water. For these calculations we used linear fits to the initial mean-square displacement
62
Table 4.5: Rotational anisotropy decay times for the first 10 ps of the ACFs fit to:
f(x) = e−(x/τ)
β
Composition w0 τ (ps) β
Unrestrained RMs - CHARMM force field
Eicke 6 0.74 0.42
Waks 6 0.61 0.50
Eicke 10 0.85 0.43
Waks 10 0.66 0.47
Restrained RMs - CHARMM force field
Eicke 6 0.71 0.44
Waks 6 0.69 0.43
Eicke 10 0.63 0.49
Waks 10 0.64 0.49
as a function of time. We found that TIP3P in a reverse micelle environment is more mobile
and has a higher diffusion coefficient than SPC. Figures 4.11 shows the MSD for the last
2000 ps of simulation. Table 4.6 shows the diffusion coefficients calculated for the water in
all unrestrained RM systems for the last 2000 ps. Both the MSD and diffusion coefficients
indicate that the TIP3P water model is less restrained than the SPC water model in the
RMs. While this trend is also seen for bulk water, the difference is not as pronounced with
diffusion coefficients having been reported as ∼6.0 x 10−5 cm2/s for TIP3P and ∼4.3 x
10−5 cm2/s for SPC [111].
Prior computational studies using SPC have shown the diffusion coefficient for water near
a membrane interface to decrease significantly [112, 113]. van Hijkoop et al. [112] studied
the diffusion of water through a membrane protein channel using the SPC water model.
The diffusion coefficient they report for water molecules trapped by the channel wall is
0.055 x 10−5 cm2/s which is on the same order of magnitude as our SPC water in RMs of
w0 = 10. Tieleman and Berendsen [113] studied a similar system using the SPC water model
and reported that the diffusion coefficients decreased by almost an order of magnitude as
compared to bulk in the narrowest part of the channel.
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Figure 4.11: Mean square displacement (MSD) of the water in the unrestrained
RMs for the last 2000 ps of the simulations. The solid lines represent the CHARMM
systems and the dotted lines represent the GROMOS systems. This plot shows that
that TIP3P water model is more mobile than SPC in the RM environment.
Table 4.6: Diffusion coefficients for water in unrestrained RMs for the last 2000 ps of
the trajectories. The diffusion coefficients are higher for the TIP3P water indicating
that it is more mobile than the SPC water in the RMs. TIP3P also has a higher
diffusion coefficent than SPC in bulk water where the values are reported to be 6.0
x 10−5 and 4.3 x 10−5 cm2/s for TIP3P and SPC respectively [111].
Composition w0 Water Model D (10−5 cm2/s)
Unrestrained RMs - CHARMM force field
Eicke 6 TIP3P 0.13 ± 0.15
Waks 6 TIP3P 0.21 ± 0.05
Eicke 10 TIP3P 0.40 ± 0.32
Waks 10 TIP3P 0.39 ± 0.19
Unrestrained RMs - GROMOS force field
Eicke 6 SPC 0.02 ± 0.01
Waks 6 SPC 0.02 ± 0.00
Eicke 10 SPC 0.09 ± 0.03
Waks 10 SPC 0.11 ± 0.04
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Chapter 5
Secondary Structure of Alanine-Rich Peptide AKA2 in a
Reverse Micelle: Capped and Zwitterionic
The propensity of peptides to form α-helices has been intensely studied using theory, com-
putation and experiment. Important model peptides for the study of the coil-to-helix tran-
sition have been alanine-lysine (AKA) peptides in which the lysine residues are placed on
opposite sides of the helix avoiding charge repulsion while enhancing solubility. In this
study the effects of capped versus zwitterionic peptide termini on the secondary structure
of alanine-rich peptides in reverse micelles are explored. The results demonstrate that
capped AKA2 peptides form more stable α-helices than zwitterionic AKA2 peptides. How-
ever, neither the nature of the peptide termini (capped or charged) or the degree of peptide
helicity significantly altered the overall interactions of the peptides with their environment.
Direct computation of IR spectra for the amide I bond of the peptide allows for direct
comparison to experimental spectra. This suggests that the observed changes in degree of
helicity in AKA2 peptides in bulk and in reverse micelle environments results from result
from changes in peptide confinement and hydration. However, the nature of the confine-
ment must consider potential significance of direct nonpolar and polar interactions with the
water-surfactant interface.
5.1 Introduction
Investigating factors that influence the stability of the secondary structure of peptides and
proteins, such as confinement, competitive solvation in a heterogeneous environment, and
peptide functional group modifications is an important step in the understanding of why
proteins misfold and aggregate. Reverse micelles (RMs) have been identified as a suit-
able environment in which to probe the effects of confinement and hydration on biological
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molecules [29, 31, 49]. Their water cores are similar to cavities found in biological sys-
tems [19], such as water molecules near the water-membrane interface of a cell. The nature
of reverse micelles allows for the amount of water to be “tuned” by varying the ratio of wa-
ter to surfactant (water loading, w0 = [H2O]/[surfactant]) [36]. Sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) is a widely used anionic surfactant that forms monodisperse reverse
micelles in non-polar solvents [37, 38].
The seminal experimental work of Mukherjee et al. [29] explored the structure of capped
alanine-rich peptides AKAn (Ace-YGAKAAAA-(KAAAA)nG-NH2) in AOT reverse mi-
celles (non-polar solvent isooctane 2,2,4-methylpentane) and in bulk water. Using CD and
IR spectroscopy they observed that upon encapsulating the peptides in reverse micelles of
low w0 values the helical content increased significantly as compared to that measured in
bulk water or a buffer.
Tian and Garcia [85] performed molecular dynamics simulations of self assembling re-
verse micelles and encapsulated zwitterionic AK4 peptides. They observed non-spherical
shape fluctuations of the reverse micelles and also found that the peptides preferred to
reside at the water-AOT interface. Abel and co-workers [83] obtained similar results for
earlier simulations of zwitterionic octa-alanine peptides in reverse micelles.
Martinez and co-workers [52] perfomed simulations on capped AKA2 peptide in bulk
water and in two RMs of w0 = 6 (spherically restrained and unrestrained). For reference
two reverse micelles of w0 = 6, spherically restrained and unrestrained, with no peptide
were simulated. The results indicated that the α-helical structure of the peptides was
more stable in the RMs than in bulk water. Additionally, the shape of unrestrained RMs
fluctuated significantly from an initial spherical geometry. This allowed for significant in-
teraction between the peptide and the AOT aliphatic tails that appears to be important in
stabilizing the peptide’s partial helical character [52]. These results are in agreement with
experiments [29] as well as previous computational studies [45, 83, 85].
These prior studies leave a number of critical questions unanswered. It is known that
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the treatment of N- and C-termini with neutral caps can influence the peptide structure.
However, while experimental studies of alanine-rich peptides in RMs were performed with
capped peptides [29], simulations studies by Abel and co-workers [83] and Tian and Gar-
cia [85] have employed zwitterionic termini, and those by Martinez and co-workers [52] have
employed capped termini. The experimental observables in the original studies of Mukher-
jee et al. [29] were CD and IR spectra. However, no simulation studies have computed
spectra to be directly compared with experiment.
This study explores the effects of capped versus zwitterionic N- and C-termini on the
helix stability of these same peptides in RMs using two force fields. We performed simu-
lations of the AKA2 peptide in two forms, capped (Ace-YGAKAAAA-(KAAAA)2G-NH2)
and zwitterionic (NH+3 -YGAKAAAA-(KAAAA)2G-COO
−), in spherically restrained and
unrestrained RMs of w0 = 6. The IR spectra of the amide I bond of the peptides was com-
puted and directly compared with experiment [29]. The results demonstrate that capped
AKA2 peptides form more stable helices than zwitterionic AKA2 peptides. However, the cap
employed on the peptide termini did not significantly alter the interactions of the peptides
with their environment.
5.2 Methods
The RMs each contained a peptide monomer and the starting structure for the peptides
was an α-helix. Table 5.1 contains a summary of the simulation details for all systems,
including the number of all molecules (surfactant, ions, water, and solvent) used and simu-
lation times. The composition of the RMs was determined from the SAXS experiments of
Amararene et al. [41]. This composition differs from that suggested by the experiments of
Eicke and Rehak [42]. In a separate study we have explored the structure and dynamics of
alternative interpretations of the water loading for comparison [53].
The same systems were also run using GROMACS and the GROMOS96 53a6 united
atom force field [63]. Each trajectory was run for 50 ns using a 1 fs timestep for the
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Table 5.1: Simulation details for the composition of all simulations, including wa-
ter loading (w0), number of AOT molecules (nAOT ), counterions (ncounterions), water
molecules (nH2O), isooctane molecules (niso), as well as production run time (t (ns)).
System w0 nAOT ncounterions nH2O niso t (ns)
AKA2 + restrained RM 6 76 3 Cl− 456 ∼2300 50
AKA2 + unrestrained RM 6 76 3 Cl− 456 ∼2300 50
CHARMM systems and a 2 fs timestep from the GROMOS systems and saving data every
0.1 ps. Analysis of all systems was performed using CHARMM, GROMACS, MDAnaly-
sis [114], and VMD [115].
5.3 Results and Discussion
Reverse micelle shape is not spherical Consistent with past observations from sim-
ulation and experiment [51, 43, 52, 53], the unrestrained RMs showed significant shape
fluctuation. Figure 5.1 shows representative structures taken from unrestrained CHARMM
simulations after 50 ns of simulation time. The water and AOT molecules are found to
pucker around the peptide allowing for significant interaction of the AOT tail groups and
at times the isooctane with the nonpolar surface of the peptide. These observations of non-
spherical RM shape fluctuations and contacts between the peptide and the environment
were also observed by Tian and Garcia in their simulations of similar systems [50]. To
characterize these structural fluctuations we calculated the average elliptical radii and the
radius of gyration for each RM system. The results (not shown) indicate an elliptical geom-
etry for the unrestrained RMs that are consistent with the results of previous experimental
and simulations studies [52, 53, 45, 46, 47, 48, 51, 43, 50].
α-Helices are more stable for capped AKA2 peptides Helical peptides form
dipoles with a partial positive charge at the N-terminus and a partial negative charge at the
C-terminus. Capping the termini eliminates the charge repulsion present when the terminal
residues are charged and tends to stabilize the helix [54]. Figure 5.2 shows the secondary
structure progression with respect to time for the residues of each of the AKA2 peptides in
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Figure 5.1: CHARMM unrestrained reverse micelles with capped (left) AKA2 and
zwitterionic (right) AKA2 peptides. The components of the RM are colored as fol-
lows: AOT tail groups – white surface, sulfonate head groups – yellow and red,
sodium ions – dark green, water molecules – blue, peptide – bright green.
RMs for the CHARMM trajectories. The structure of the capped AKA2 peptides changes
very little during the simulation with the peptides remaining almost entirely α-helical.
The structure of the terminal residues of the zwitterionic AKA2 peptides shows significant
fluctuations, especially in the case of the unrestrained RMs, suggesting that the zwitterionic
termini contribute to the destablization of the helical secondary structure. Similar results
were found for the GROMACS trajectories (data shown in Section 5.A). The secondary
structure definitions used are those of Kabsch and Sander’s DSSP method [87].
Interestingly, several residues towards the C-terminus of the zwitterionic AKA2 peptide
in the unrestrained RM transition in and out of a pi-helix structure. There is also a hint of
a pi-helix in the zwitterionic AKA2 peptide in the restrained RM. pi-Helices are less stable
than α-helices as their dihedral angles are not as energetically favorable. The slightly looser
helix leaves a void space in the center of the helix too small for water to penetrate leading
to a loss of van der Waals interactions [54].
Computational work by Lee et al. [116] has shown similar results in which peptides
transition from α- to pi-helices. They conjecture that since the peptides do not transition
back to α-helices in the 5 ns simulations, the pi-helices may have a lower free energy. In
other computational work by Armen et al. [117], peptides transition between α- and pi-
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Figure 5.2: Secondary structure progression with respect to time of AKA2 peptides,
in reverse micelles for the CHARMM systems - capped AKA2 (left) and zwitterionic
AKA2 (right).
helices on a 25-ns time scale. In our simulations, transition between α- and pi-helices also
occurs reversibly.
Another way to evaluate secondary structure stability is the root mean square devia-
tion (RMSD) with respect to time. Figure 5.3 contains a plot of the RMSD for the AKA2
peptides for the CHARMM systems. The plot shows that the RMSD for the two capped
AKA2 peptides fluctuates less than for the zwitterionic peptides suggesting that their back-
bone structures are more stable. Looking at the DSSP and RMSD plots together indicates
that the fluctuations in RMSD for the capped AKA2 peptide in the unrestrained RM in
particular are most likely due to the changes in the secondary structure in the terminal
residues.
Peptides interact strongly with RM environment In our simulations we see sig-
nificant interactions of the AKA2 peptides with the surrounding environment of the RM.
A commonly held view of a RM structure is that of a perfectly spherical water pool with
the peptide suspended in the center. In the spherically restrained RMs, this image is fairly
accurate. In the unrestrained RMs, however, in addition to the interaction between the
peptides and water molecules, there is significant contact between the peptides and the
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Figure 5.3: Distribution of the peptide backbone RMSD for the last 30 ns of
simulation for the AKA2 peptides in RMs for the CHARMM systems. The graph
shows that the RMSD for the capped peptides is more stable than for the zwitterionic
peptides.
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surfactant molecules, especially the aliphatic AOT tail groups.
Figure 5.4 shows the average number of AOT tail groups and water molecules within
4 Å of each residue of the AKA2 peptides in RMs for the CHARMM systems. The core
residues of the peptides in the restrained RMs are more hydrated than the residues of
the peptides in the unrestrained RMs, which are in contact with more AOT tail groups.
Figures 5.5 and 5.6 show the number of AOT tail groups and water molecules within 4 Å
of each of the AKA2 peptides with respect to time along with a histogram containing the
distributions of those values. Both the time progression and the distributions show good
agreement between peptides in the same environment (restrained or unrestrained RM)
regardless of cap employed. The distribution of the hydration values of the two peptides in
the restrained RMs is almost identical.
Figure 5.7 shows snapshots of CHARMM AKA2 in restrained and unrestrained RMs
with the surrounding water and AOT tails after 50 ns of simulation. The peptide in the
restrained RM is almost completely hydrated, while the peptide in the unrestrained RM
is in contact with AOT aliphatic tails. Tian and Garcia saw similar behavior in their
simulations of AKA4 peptides in RMs [85]. They observed significant contact between the
non-polar peptide core and the AOT/water interface as well as some contact with isooctane
molecules. This interaction “frees” water molecules bound to the interface and may increase
the entropy of the system. The lysine residues, in particular, were either well hydrated or in
contact with the AOT head groups. Similar results are obtained for systems modeled using
the GROMOS force field with the exception that in general the AKA2 peptides in the RMs
are less hydrated than those for the CHARMM systems. See Section 5.A for GROMOS
data and analysis.
Calculated IR spectra for AKA2 in RMs The IR spectra for the amide I vibrations
of the peptides in reverse micelles was also calculated and compared to experimental data
measured for capped AKA2 peptides in reverse micelles of w0 = 6 at room temperature [29].
Figure 5.8 shows the normalized spectra. The amide I vibrational spectra are determined
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Figure 5.4: Average number of AOT tail groups (top) and water molecules (bottom)
within 4 Å of each AKA2 residue in the CHARMM RMs.
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Figure 5.5: Number of AOT tail groups within 4 Å of AKA2 peptides with respect
to time. Peptides in the unrestrained RMs have more contact with the tail groups
than peptides in the restrained RMs.
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Figure 5.6: Number of water molecules within 4 Å of AKA2 peptides with respect
to time. The level of hydration of the peptides is similar for each of the two envi-
ronments with peptides in the restrained RMs being more hydrated than peptides in
the unrestrained RMs.
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RESTRAINED UNRESTRAINED
Figure 5.7: Capped AKA2 in a restrained (left) and unrestrained (right) RM. The
snapshot on the left shows the peptide in pink and the snapshot on the right shows
the peptide in green. Each peptide is shown with the surrounding water molecules
in blue and AOT tails groups in gray.
through a vibrational exciton model, in which the fundamental frequencies and couplings are
expressed as a function of electric field and van der Waals forces on the atoms of peptide
bonds. All forces were determined from the full interaction between peptide bonds and
the surrounding environment, the same forces that inform the molecular dynamics. The
proposed maps successfully reproduced experimental data for a set of proteins with a wide
range of sizes and secondary structures as well as model peptides in polar and non-polar
solvents. This broad range of applicability is essential for any method that would be valid
for a peptide in the heterogeneous RM environment [118].
The carbonyl stretch makes the primary contribution to the amide I vibration, with
minor contributions from the C-N bond stretch. α-helices typically have a peak at 1655
cm−1, which shifts to lower wavenumbers with increasing helix length. Although several
other factors, including hydrogen bonding and solvation, may contribute to the peak lo-
cation. Typically, hydrogen bonding lowers the frequency of bond stretching and solvated
helices may have peaks up to ∼20 cm−1 lower than non-solvated helices [119].
In our simulations the peptide with the least helical content, the zwitterionic AKA2 in
the unrestrained RM, produced a major peak with the hightest frequency at 1655 cm−1.
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The other three peptides, which were more helical, had peaks that were red shifted in
comparison. Additionally, the two peptides in the restrained RMs are more hydrated than
those in the unrestrained RMs. As a result, their peaks are found at lower frequencies -
1640 cm−1 for the capped AKA2 and 1645 cm−1 for the zwitterionic AKA2 - and are also
broader. Other features present in our calculations are that the spectra for the capped
AKA2 both contain a small peak close to 1700 cm−1, and the spectra for the zwitterionic
AKA2 contain a small peak near 1670 cm−1. These differences could be attributed to the
treatement of the peptide termini. The experimental spectrum shown here is for capped
AKA2 peptides and lacks the peak near 1670 cm−1.
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experiment
restrained
unrestrained RMs
zwitterionic
capped
Figure 5.8: Calculated IR spectra for the AKA2 peptides in reverse micelles com-
pared to experiment.
5.4 Conclusion
We have studied the effects of capped versus zwitterionic termini on the secondary structure
of AKA2 peptides encapsulated in spherically restrained and unrestrained reverse micelles.
76
Our results using two force fields demonstrate that capped AKA2 peptides form more stable
helices than zwitterionic AKA2 peptides. We found that the cap employed on the peptide
termini did not significantly alter the interactions between the peptides and their environ-
ment. Being in a restrained versus unrestrained RM had more effect on the interactions
with water and the aliphatic AOT tail groups. Calculation of the IR spectra of AKA2
peptides in the CHARMM systems also suggests that our results are in agreement with the
work of Mukherjee et al. [29], with all four systems exhibiting a major peak in the amide I
vibrational spectra within a few wavenumbers of the experimental peak.
Overall, our results provide support for the presence of significant fluctuations in the
RM away from an ideal spherical geometry, as well as the importance of surfactant surface
fluctuations in stabilizing dominant interactions with peptides through both hydrophobic
and hydrophilic interactions. The existence and potential significance of shape fluctuations
away from a spherical geometry continues to be debated. Open questions include different
predictions dependent on force field and interpretations of water loading in terms of absolute
numbers of water and surfactant molecules. Ultimately, these questions must be resolved
by experimental studies that directly assess RM structure and allow for direct, critical
comparison of observables with the predictions of simulation studies.
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5.A Supplemental Information to Chapter 5
5.A.1 GROMOS Figures
Secondary structure
Figure 5.9: Secondary structure progression with respect to time of AKA2 peptides,
in reverse micelles - capped AKA2 on the left and zwitterionic AKA2 on the right
for the GROMOS systems.The structure of the terminal residues of all four pep-
tides fluctuates, but the core residues of the capped peptides maintain more helical
character than the zwitterionic peptides.
Peptide interactions with RM environment
In the GROMOS systems the AKA2 peptides are less hydrated than those for the CHARMM
systems. There are AOT tail groups in the interior of the RMs closer to the peptides
displacing water molecules (see Figure 5.10).
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RESTRAINED UNRESTRAINED
Figure 5.10: GROMOS capped AKA2 in restrained RM (left) and unrestrained RM
(right). The snapshot on the left is a cross-section of the restrained reverse micelle.
The AOT tails colored in purple are in the water pool. The rest of the AOT tails are
represented in gray. The snapshot on the right is a cross-section of the unrestrained
RM showing how the AOT tails surround the peptide, which is in the center of a
“donut” of AOT molecules.
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Chapter 6
Early Stage Peptide-Peptide and Peptide-Environment
Interactions of Amyloidogenic Peptides Aβ16−22 and Sup357−13
in AOT Reverse Micelles
Knowledge of how intermolecular interactions of amyloid-forming proteins cause protein
aggregation and how those interactions are affected by sequence and solution conditions is
essential to our understanding of the onset of many degenerative diseases. Of particular
interest is the aggregation of the amyloid-β (Aβ) peptide, linked to Alzheimer’s disease,
and the aggregation of the Sup35 yeast prion peptide, which resembles the mammalian
prion protein (PrP) linked to spongiform encephalothopies. To facilitate the study of these
important peptides, experimentalists have identified small peptide congeners of the full-
length proteins that exhibit amyloidogenic behavior, including the KLVFFAE sub-sequence
of the Aβ protein, and the GNNQQNY subsequence of Sup35. We have employed molecular
dynamics simulations of these peptide fragments encapsulated in reverse micelles in order
to identify the fundamental principles that govern how sequence and solution environment
influence peptide aggregation. Our results demonstrate that the RM is a complex confining
environment where substantial direct interaction between the surfactant and peptides plays
an important role in determining the resulting ensemble of peptide conformations. By
extension the results suggest that similarly complex sequence-dependent interactions may
determine conformational ensembles of amyloid-forming peptides in a cellular environment.
6.1 Introduction
The experimental observation and simulation of protein aggregation presents significant
challenges associated with the treatment of multiple interacting proteins. Protein aggrega-
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tion in vivo is often associated with long time processes that stand beyond the reach of cur-
rent simulation time scales or reasonable experimental observation. A variety of approaches
have been used to induce the changes in secondary structure associated with protein aggre-
gation to occur on a time scale more amenable to experimental and computational study,
including the focus on protein addition to preexisting fibrils or aggregates [23, 24, 25] and
the use of enhanced bulk protein concentration. One development is the confinement of
aggregation prone proteins within a reverse micelle environment [29, 30, 31].
Reverse micelles (RMs) provide an important environment for the study of protein
folding and aggregation. The size of a RM is partially determined by its water loading
(w0), which is the ratio of water molecules to surfactant molecules (w0=[H2O]/[AOT]). In
a RM, it is possible to observe the effects that confinement and water activity have on
protein folding, misfolding and aggregation. Mukherjee et al. [31] performed experiments
using AOT RMs to observe the effects of confinement and hydration on the aggregation
of amyloidogenic peptide fragments Aβ16−22 (NH+3 -KLVFFAE-NH2) and Sup357−13 (NH
+
3
GNNQQNY-NH2). Unlike Aβ16−22, which is predominantly hydrophobic, Sup357−13 con-
tains mostly hydrophilic amino acids. The two peptides have no amino acids in common
yet both fragments aggregate into β-sheets characteristic of amyloidogenic proteins [26, 59].
Aβ16−22 aggregates into antiparallel β-sheets and Sup357−13 aggregates into parallel β-
sheets [31]. These differences make them an interesting pair for which to compare amy-
loidogenic behavior. Using IR spectroscopy and transmission electron microscopy to analyze
amide I’ transistions of the peptides, they were able to monitor aggregation rates for both
peptides, which significantly increased in small RMs (w0 = 6), as compared to the rate of
aggregation in bulk water.
Our initial computational studies of confined peptides modeled earlier work by Mukher-
jee et al. [29, 30] in which we investigated the secondary structure stability of monomers of
the 19-residue, alanine-rich peptide AKA2 in spherically restrained and unrestrained RMs
and in bulk water [52]. In agreement with experiment, these studies showed increased heli-
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cal content for the peptides in the RMs as compared to bulk water. They also revealed that
the shape of the simulated RMs fluctuated significantly allowing the peptides to interact
with the AOT surfactant molecules in addition to the core water molecules. In more re-
cent work we calculated the IR spectra of the AKA2 peptides in spherically restrained and
unrestrained RMs [120]. The computed spectra were in good agreement with experimen-
tally measured spectra for AKA2 peptides in RMs [29]. The results of each of these works
indicate that our simulation model of the RM captures essential features of this complex
system.
The aim of our present work is to capture early peptide-environment and peptide-
peptide interactions which induce secondary structure changes that lead to aggregation.
To accomplish this we haved modeled monomers and dimers of the NH+3 -KLVFFAE-NH2
fragment of the Aβ protein and the NH+3 -GNNQQNY-NH2 fragment of the Sup35 protein
in a RM environment and in bulk water. The RM system was inventively employed in the
experimental work of Gai and coworkers for the exploration of the role of hydration and
drying transitions on protein folding and aggregation.
Our results suggest that the RM is also an important environment for the detailed
exploration of the role of an interface between a nonpolar and aqueous phase in stabilizing
aggregation competent intermediate states of amyloid peptides that may play an important
role in the overall protein aggregation pathway.
6.2 Methods
Symptoms of dementia consistent with Alzheimer’s Disease are related to small aggregates
of amyloid-β peptide (Aβ) oligomers present in the brains of Alzheimer’s patients [57]. The
Aβ peptide varies in length from 38 to 43 residues and is a product of cleavage by γ-secretase
of the amyloid precursor protein (APP) [121]. Aβ peptides aggregate into oligomers, which
in turn form protofibrils and fibrils [58]. Experiments by Balbach et. al determined that
the seven-residue peptide KLVFFAE is among the shortest fragments of the Aβ peptide
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Table 6.1: Simulation details for the composition of all simulations, including wa-
ter loading (w0), number of AOT molecules (nAOT ), counterions (ncounterions), water
molecules (nH2O), isooctane molecules (niso), as well as production run time (t (ns)).
System w0 nAOT ncounterions nH2O niso t (ns)
Aβ16−22 monomer + RM 6 76 1 Cl
− 456 ∼2300 50
Aβ16−22 dimer + RM 6 76 2 Cl
− 456 ∼2300 50
Aβ16−22 dimer + bulk n/a n/a 4 Cl
− & 2 Na+ ∼5000 n/a 50
Sup357−13 monomer + RM 6 76 1 Cl
− 456 ∼2300 50
Sup357−13 dimer + RM 6 76 2 Cl
− 456 ∼2300 50
Sup357−13 dimer + bulk n/a n/a 2 Cl
− ∼5000 n/a 50
that forms ordered fibrils. This sequence corresponds to residues 16-22 of the 42-residue
peptide and comprises the region of Aβ known as the central hydrophobic core (CHC) –
LVFFA [26].
Sup35 is an amyloidogenic protein found in yeast. In the cell it participates in ter-
minating translation [59]. Sup35 is similar to the mammalian prion protein (PrP), linked
to spongiform encephalothopies, in that when misfolded it propagates this state and ag-
gregates into fibrils [60]. Sup35 is a large protein of which the first 123 residues are the
prion-determining domain. Of these 123 residues, the shortest fragment that forms ordered
fibrils is the heptapeptide GNNQQNY (Sup357−13) [59].
Molecular dynamics simulations were run for monomers and homodimers of each peptide
in reverse micelles of w0 = 6. Triplicate simulations were run for the dimers of each peptide
to increase sampling. Dimers were also simulated in bulk water for comparison. Table 6.1
contains a summary of the simulation details for all systems. Starting structures for the
peptide monomers were random coils. For the dimer simulations the structures were oriented
randomly in the RMs and in bulk water.
All systems were generated using the CHARMM32 package with the CHARMM27 all
atom force field for proteins and lipids and the TIP3P water model for CHARMM [61].
CHARMM parameters for AOT and isooctane were taken from the work of of Abel et
al. [45]. To construct the RMs we used the same method described in Reference [53].
Further details are available in Section 6.A.
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NAMD [62] was used for the production runs. The cutoff for the short-range electrostat-
ics calculations was set to be 12 Å, and particle-mesh Ewald was used for the long-range
electrostatics. The temperature was held constant at 300 K, and the pressure was held
constant at 1 atm using the Langevin Piston [64, 65]. SHAKE was used to keep bonds
containing hydrogen atoms rigid. Each trajectory was run for 50 ns using a 1 fs timestep
and saving data every 0.1 ps. Analysis of all systems was performed using CHARMM,
GROMACS [63], MDAnalysis [114], and VMD [115].
6.3 Results and Discussion
Peptide interactions with environment As in previous work, the shape fluctuations of
the reverse micelles allowed for significant interaction between the encapsulated peptides
and the surfactant molecules in addition to the water. Figure 6.1 shows representative
snapshots of two reverse micelle systems. The hydrophobic side chains of the Aβ16−22
peptide were observed to be strongly associated with the AOT surfactant molecules, par-
ticularly the aliphatic tails groups, and minimal contact with the sodium ions. The polar
Sup357−13 amino acids were observed to be associated with the charged head groups of the
AOT surfactant, with some interaction with aliphatic AOT tail groups and sodium ions.
Observation of strong interaction with the RM environment is in agreement with previous
computational work [83, 85, 52, 120].
Experimental structural studies by Beel et al. [122] on the 99-residue transmembrane
C-terminal domain of APP reveal that there is significant interaction between the V18FFA21
region of the peptide and the detergent micelle, with the two phenylalanines inserted
into the nonpolar micellar interior and the valine and the alanine partially buried. Fig-
ures 6.2 and 6.3 show the average number of molecules (AOT head groups, AOT tail groups,
and sodium ions) within 4 Å of each amino acid side chain of the monomers and dimers
in RMs respectively. The number of interactions for the peptides does not change signifi-
cantly between the monomer and dimer systems, and in both systems there are significant
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Aβ16−22 dimer in RM Sup357−13 dimer in RM
Figure 6.1: Snapshots of the Aβ16−22 (left) and Sup357−13 (right) dimers in reverse
micelles after 50 ns of simulation. The shape of the RMs has deviated from the
initial spherical geometry. The snapshots show the water molecules in a dark blue
surface representation, the AOT tails groups in transparent gray, the AOT sulfonate
headgroups with yellow sulfur atoms and red oxygen atoms, the sodium ions in
green. The peptides are colored in light pink for the Aβ16−22 and light yellow for the
Sup357−13.
hydrophobic interactions between the V18FFA21 of the Aβ16−22 peptides and the AOT tail
groups. The results suggest that interaction of this small peptide with the micelle interface
resembles interaction of the same subsequence of the peptides in a detergent micelle.
Figure 6.4 shows the number of water molecules within 4 Å of each Aβ16−22 and
Sup357−13 peptide over the last 35 ns of simulation for the monomers and dimers in RMs
and the peptides in bulk water. For the Aβ16−22 peptides in RMs, the hydration is com-
parable for the monomer and dimer systems. For the Sup357−13 peptides the monomer is
more hydrated than either of the peptides in the dimer simulation. For both Aβ16−22 and
Sup357−13 the peptides in bulk water are more hydrated than the peptides in the RMs.
When comparing Aβ16−22 and Sup357−13, the polar Sup357−13 peptide monomer is
more hydrated than the hydrophobic Aβ16−22 peptide monomer. For the dimers in RMs
the hydration is almost identical with one peptide being more hydrated than the other.
In all simulations of peptides in RMs, the majority of the water molecules hydrate the
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Figure 6.2: Average number of molecules within 4 Å of each amino acid side chain
of the Aβ16−22 (left) and Sup357−13 (right) monomers in reverse micelles.
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Figure 6.3: Average number of molecules - AOT head groups (pink), AOT tail
groups (green), sodium ions (blue) - within 4 Å of each amino acid side chain of the
Aβ16−22 (left) and Sup357−13 (right) dimers in reverse micelles.
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Figure 6.4: Average distribution of peptide hydration for the Aβ16−22 (top) and
Sup357−13 (bottom) peptdes in reverse micelles and in bulk water for the last 35 ns
of simulation time. For the dimers in RMs and peptides in bulk water, the solid
lines represent the first peptide fragment and the dotted lines represent the second
peptide fragment.
AOT head groups within the first 10-15 ns of the simulations leaving a small number of
waters available to the peptides. The hydration of the peptides in bulk water fluctuates
significantly throughout the simulation leading to a broad distribution of hydration values.
The Sup357−13 peptides in bulk water are less hydrated than the Aβ16−22 peptides which
is surprising due to the hydrophilic nature of Sup357−13. Upon further analysis we see that
this difference is most likely due the fact that the Sup357−13 peptides have more collapsed
structures than the Aβ16−22 in bulk water.
Peptide secondary structure In agreement with experiment [59] and previous compu-
tational work [123, 60], the structure of Sup357−13 monomer is a random-coil. The Aβ16−22
monomer is also mostly a random coil [124], but residues V18FFA21 form a turn roughly half
way through the simulation. A “turn” may be assigned when the hydrogen bonding pattern
in a peptide is too short to be classified as a helix. The residues V18FFA21 of Aβ16−22 which
form the turn also have significant contact with the AOT tail groups suggesting this change
in secondary structure may be stabilized by the hydrophobic interactions.
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Figure 6.5 shows the secondary structure content distriburion for amino acids of the
Aβ16−22 and Sup357−13 peptide dimers in RMs. Significant turn content is observed in
the hydrophobic core of one of the Aβ16−22 peptides, and most of the residues of one
of the Sup357−13 peptides take on turn character. These changes in secondary structure
suggest that interpeptide interactions influence the peptide conformational distribution in
a way that favors collapsed “turn” structures, in the case of Aβ16−22, and extended strand
structures, in the case of Sup357−13.
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Figure 6.5: Secondary structure for the Aβ16−22 (left) and Sup357−13 (right) dimer
residues in RMs. The histogram shows the fraction of time that each residue is in a
random coil (gray) or turn (red) conformation.
Larger fluctuations were observed in the secondary structure of the peptides in bulk
water than in RMs. The Aβ16−22 peptides took on significant turn character, more so than
in RMs. The Sup357−13 peptides were observed to transition from random coils to α-helices.
Figure 6.6 shows the distribution of secondary structure content of each of the residues of
the peptides in bulk water.
Computational studies [125] suggest that these amyloidogenic peptides form stable β-
strands. Our secondary structure calculations showed minimal β-strand content, but we
do see extended structures. In the absence of β-strand content, a clear way to quantify
the strand-like nature of a peptide is to compare its α-carbon end-to-end distance to the
maximum end-to-end distance possible for a peptide with the same number of amino acids.
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Figure 6.6: Secondary structure for Aβ16−22 (left) and Sup357−13 (left) dimer
residues in bulk water. The histogram shows the fraction of time that each residue
is in a random coil (gray), turn (red) or helix (blue) conformation.
As in Ref. [125] we define the maximum end-to-end distance as L, where L=(N-1)*a, N is
the number of amino acids, and a (∼4 Å) is the distance between two consecutive α-carbons
in a fully extended peptide backbone. For the Aβ16−22 and Sup357−13 peptides, N = 7 and
L=24 Å.
Figure 6.7 shows the distributions of peptide extension through the course of simulations.
Values approaching 1 indicate a fully extended peptide and values approaching 0 indicate a
collapsed peptide. Although we see little β-strand content, significant extension is observed
for the peptides in the RMs, especially the Sup357−13 peptides. The peptides in bulk water
are observed to be more collapsed.
Calculated IR spectra indicate early stage peptide aggregation IR spectra were
also calculated for the amide I vibration of the peptides for the last 5 ns of the simulations.
The normalized spectra obtained from our calculation are presented in Figure 6.8. The
amide I vibration arises mainly from the stretching of the C=O bond in the protein or
peptide backbone, and it absorbs near 1650 cm−1. It is sensitive to secondary structure
and environment, including hydrogen-bonding to water [119].
In the monomer spectra, the line-shape for the Aβ16−22 monomer has a main peak at
1635 cm−1 and a minor peak at 1663 cm−1. The Sup357−13 monomer has a main peak
at 1645 cm−1 and a minor peak at 1670 cm−1. The minor peaks are likely due to the
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Figure 6.7: Monomers in RM and dimers in bulk water (top) and dimers in RMs
(bottom) percent extended.
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Figure 6.8: Calculated IR spectra for the last 5 ns of simulation for amide I vi-
brations of the Aβ16−22 and Sup357−13 peptide monomers and dimers in RMs and
dimers in bulk water.
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sensitivity of the amide I bond to its environment rather than structural characteristics.
This minor peak is missing in the spectrum for the Aβ16−22 peptides in bulk water, where
there is significant turn secondary structure present in the peptides.
The Aβ16−22 peptide dimer spectrum has a major peak at 1650 cm−1 and a minor peak
at 1625 cm−1. The Sup357−13 peptide dimer spectrum has a major peak at 1655 cm−1 and a
shoulder at ∼1640 cm−1. These curves are similar to ones measured by Gai and co-workers
indicating the initial stages of aggregation for the Aβ16−22 peptides and no aggregation for
the Sup357−13 peptides.
The line-shape for the Aβ16−22 peptides in bulk water contains a major peak at 1647 cm−1
and a minor shoulder at 1670 cm−1. The shoulder is not as pronounced as the minor peak
for the monomer in the RM. It is possible that the minor peaks observed are due to the
residues in a turn conformation. However, as turns absorb over a broad range, between 1630
and 1700 cm−1, they can be difficult to identify [119]. The broad spectra are characteristic
of peptides with little distinct secondary structure [31].
The line-shape for the Sup357−13 peptides in bulk water also contains a major peak at
1647 cm−1 in addition to two minor peaks located at 1670 cm−1 and 1717 cm−1. The minor
peaks present in the Sup357−13 bulk spectrum may be due to the helicity observed in the
peptides. As mentioned previously, experimentallly Sup357−13 has a random-coil structure
in bulk water. The helical content may be a result the CMAP correction in the CHARMM
force field which has been known to increase helical propensity in peptides [126].
The red shift observed for Aβ16−22 is similar to that observed in the experimental spectra
measured by Gai and co-workers in which the aggregated Aβ16−22 peak is red shifted in
comparison to the aggregated Sup357−13 peak [31].
Aβ16−22 peptides prefer antiparallel alignment and Sup357−13 prefer parallel
alignment Characteristic structures for the Aβ16−22 and Sup357−13 monomers and dimers
are difficult to determine as computational studies suggest that the critical size necessary
to form stable β-sheet aggregates is approximately 4 peptide strands for Aβ16−22 [127] and
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5 peptide strands for Sup357−13 [128], although some computational studies have shown
the formation of stable two-strand β-sheets for Sup357−13 [129, 123].
To extract characteristic structures from our trajectories we calculated the population
density as a function of the the radius of gyration and the percent extension for the peptide
monomers. For the dimers we calculated population densities as a function of radius of
gyration and the P2 order paramater. The P2 order parameter has been used to measure
order in nematic liquid crystals [96]. Values of P2 approaching 1 indicate an ordered system
in which the peptides are aligned either parallel or antiparallel to each other. Decreasing
values of P2 indicate a disordered system. P2 = -0.5 indicates peptides are perpendicular
to each other.
Figure 6.9: Probability density as a function of radius of gyration and percent
extension for the Aβ16−22 peptide monomer in a reverse micelle. The snapshot shows
a characteristic structure of the peptide in light pink with its surrounding water
molecules (dark blue), AOT sulfur head groups (sulfur atoms in yellow and oxygen
atoms in red), sodium ions (purple) and AOT tail groups (transparent), all within
6 Å of the peptide.
Figures 6.9 and 6.10 show the population densities for the peptide monomers in RMs as
well as characteristic structures of each of the monomers. The plots reveal that the peptides
generally favor more extended structures, but collapsed configurations were sampled. The
snapshots show the monomers with their surroundings. The interactions with the AOT
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Figure 6.10: Probability density as a function of radius of gyration and percent
extension for the Sup357−13 peptide monomer in a reverse micelle. The plot contain
the same information as those in Figure 6.9. The coloring for the snapshot is also
the same.
surfactant molecules in particular appear to play a role in stabilizing the extended structures
of the peptides.
Figures 6.11 and 6.12 show the population densities for the peptide dimers in RMs as well
as characteristic structures of the dimers in each of the three trajectories. Peptide-peptide
association was observed in all trajectories with varying characteristic structures for each
trajectory. The Aβ16−22 peptide dimers favored antiparallel alignment with varying degrees
of peptide backbone extension. The Sup357−13 peptide dimers favored parallel alignment
with the peptides being more extended.
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Figure 6.11: Aβ16−22 dimer radius of gyration and P2 order parameter population
density. The snapshots of the peptides are colored by residue name to show their
alignment and are representative structures from each of the three trajectories.
Figure 6.12: Sup357−13dimer radius of gyration and P2 order parameter population
density. The snapshots of the peptides are colored by residue name to show their
alignment and are representative structures from each of the three trajectories.
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Figure 6.13: P2 order parameter (top) and dot product of the peptide end-to-end
unit vectors (bottom) for the last 10 ns of simulation of Aβ16−22 dimer (left) and
Sup357−13 dimer (right) in reverse micelles.
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Figure 6.13 shows distributions of the P2 order parameter and the dot product of
the peptide end-to-end unit vectors for the last 10ns of simulation for the three Aβ16−22
and Sup357−13 peptide dimer trajectories. The dot product between the two peptide unit
vectors provides a more precise idea of the relative alignment of the peptides. When the
dot product = -1, 0, or 1, the peptides are antiparallel, perpendicular or parallel to each
other. The variations in these plots along with the population densities are indicative of
the multiple pathways, each sampling different configurations and interactions with the RM
environment, available for the assembly of dimers [124].
We observe that the Sup357−13 peptides are generally parallel to each other but there
is still some level of disorder in the systems. The Aβ16−22 dimer systems fluctuated more,
with characteristic dimer structures indicating an antiparallel alignment. These plots show
that while two opposite ends of the peptides may be associated, the peptide alignment
is variable. For trajectory #3, the two peptides strands are well aligned and also more
extended than the peptides in the other two trajectories. For trajectories # 1 and #2,
opposite ends of the two peptides are associated, however, the remainder of the peptide
strands is in significant contact with the RM surroundings. These interactions appear to
influence the overall peptide alignment and may account for the variability in seen in P2
and the dot product. The P2 order parameter, radius of gyration and dot product for the
dimers in bulk water fluctuated significantly throughout the simulation (data and structures
in Section 6.A).
6.4 Conclusion
Reverse micelles are a convenient model for examining the effects of confinement and hy-
dration on the behavior of amyloidogenic peptides. Analysis of our work on the Aβ16−22
and Sup357−13 peptides indicates that the RM environment is a complex one in which
interactions with water and surfactant molecules, in addition to shape fluctations in the
RM, influence peptide aggregation and play an important role in determining the resulting
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ensemble of peptide conformations. To our knowledge, these are the first simulations of
the Aβ16−22 and Sup357−13 peptides in RMs, and we feel our results are robust in their
qualitative aggreement with experiments.
We observed the structures of the peptides in the RM environment to be more extended
than those in bulk, making them better candidates for the formation of β-sheet oligomers.
The simulations of the dimers in RMs generally resulted in antiparallel alignment of the
Aβ16−22 peptide fragments and parallel alignment of the Sup357−13 peptide fragments.
These observations are in qualitative agreement with experiments which indicate these
amyloidogenic peptides are more aggregation prone in a reverse micelle than in bulk water
and that Aβ16−22 peptides aggregate into antiparallel β-sheets and Sup357−13 peptides
aggregate into parallel β-sheets. Additionally, our calculated IR spectra show similar trends
to those seen in experiment with the Aβ16−22 spectra being red-shifted in comparision to the
Sup357−13 spectra as well as containing features indicative of the initial stages of peptide
aggregation.
To further quantify the effects of hydration and confinement on peptide aggregation, the
study of trimers and tetramers in RMs may provide more insight into to oligomer formation.
Simulating these peptides at a membrane interface may also shed light on the importance
of hydrophobic interactions in peptide self-organization associated with amyloid formation.
Coarse-grain modelling would also be a useful tool to increase sampling and simulation time
for all systems. More detailed examination on the effects of the CMAP correction in the
CHARMM force field on the secondary structure of the peptides may also be necessary to
account the the helicity observed in the Sup357−13 peptides in bulk water. By extension
the results suggest that similarly complex sequence-dependent interactions may determine
conformational ensembles of amyloid-forming peptides in a cellular environment.
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6.A Supplemental Information to Chapter 6
Methods
Briefly, we first generated the structure for the peptides. To be consistent with the experi-
ments of Mukherjee et al., the N-terminus was protonated and the C-terminus was capped
with an NH2 group. The peptide was then solvated with a sphere of water, and random
water molecules were replaced with 76 sodium cations (one for each AOT molecule to be
added) and a chlorine anion for each positively charged N-terminus to neutralize the system.
A spherical AOT shell was then added to complete the reverse micelle before placing in a
truncated octahedron of isooctane. For the peptides in bulk water, the dimer was solvated
in a previously equilibrated water truncated octahedron. To neutralize the system, random
water molecules were replaced with chlorine anions and sodium cations for every charge on
the peptides.
Peptides in Bulk Water
The peptides in bulk water have similar dot product and P2 values. The dot product
distributions are broad and flat, and the P2 distributions have small peak at -0.5. The
radius of gyration for the systems also fluctuates significantly. The distributions, which are
not as flat and broad as those for P2 and the dot product, are shown in Figure 6.14 along
with structures representing the most common radius of gyration.
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Figure 6.14: Distribution of the radius of gyration for Aβ16−22 (pink) and Sup357−13
(green) peptides in bulk water and snapshots of respresentative structures.
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Chapter 7
Conclusion
7.1 Summary
This study has used molecular dynamics simulations to investigate the effects of confinement
and hydration on peptide folding and aggregation using reverse micelles, and contributed
to our understanding of the composition, structure, and dynamics of reverse micelles them-
selves. The reverse micelles employed in our work were a ternary system composed of
water, the anionic surfactant AOT, and the non-polar solvent isooctane. The peptides
encapsulated in the reverse micelles were the model, alanine-rich AKA2 peptide and the
amyloidogenic Aβ16−22 and Sup357−13 peptide fragments.
To investigate the effects of composition on the shape of AOT reverse micelles and the
dynamics of confined water, we simulated spherically restrained and unrestrained reverse
micelle systems of w0 = 6 and 10 using two experimental composition estimates. We also
tested the influence of parameterization by employing two force fields (CHARMM [61] and
GROMOS [86]). We found that the properties of the RMs are more dependent on size
(w0 = 6 vs. 10) and force field used than on the absolute composition. Within each force
field both compositions yielded similar densities that were close to the experimental values.
The rotational anisotropy decay times for the water were found to be on the same order
of magnitude for each force field. The differences between these observables for the spher-
ically restrained and unrestrained RMs were negligible. Shape parameters calculated from
the moments of inertia also yielded comparable results indicating rod-like shapes for the
CHARMM systems and disc- or donut-like shapes for the GROMOS systems. Additionally,
the TIP3P water in the CHARMM systems was much more mobile than the SPC water in
the GROMOS systems.
The changes in the shape observed for the RMs allowed for significant interaction be-
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tween encapsulated peptides and the AOT head groups and tail groups. We were able
to quantify these interactions by comparing simulations of spherically restrained reverse
micelles and unrestrained reverse micelles. In the spherically restrained reverse micelles
the peptides were significantly more hydrated and had little interaction with the AOT
molecules. In the unrestrained reverse micelles, the peptide cores were dehydrated and in
close contact with the AOT molecules.
In our initial studies on the capped AKA2 peptide in reverse micelles [52] the confined
peptides remained partially helical and the peptides in bulk water lost all helicity. These
results are in qualitative agreement with experiments, which suggested that helical content
increases upon encapuslation [29], as well as with previous computational studies [45, 83].
Additionally, the shape fluctuations of the unrestrained RMs allowed for significant interac-
tion between the peptide and the AOT aliphatic tails. These peptide-surfactant interactions
appeared to be essential in stabilizing the peptide’s partial helical character.
Furthermore, our studies on the effects of capped and zwitterionic termini on AKA2
peptide structural stability proved to be in agreement with literature on helix stability.
Analysis of our results, including evaluation of the secondary structure, showed that the
capped peptides form more stable helices than the zwitterionic peptides [54]. The general
trend of the structural stability of the peptides in our simulations is that the peptides in the
RMs form more stable helices than the peptides in bulk water, and the capped helices are
more stable than the zwitterionic helices. These results stand as predictions to be confirmed
by experiment.
Finally, we studied monomers and dimers of the amyloidogenic peptide fragments Aβ!6−22
and Sup357−13 in reverse micelles. In the case of the peptide monomers, the hydrophobic
side chains of the Aβ16−22 were observed to be strongly associated with the aliphatic tails
of the AOT surfactant, while the polar Sup357−13 peptide was observed to be associated
with the charged head groups of the AOT surfactant and was more hydrated. For the pep-
tide dimers, we observed significant interaction with the RM environment as well as some
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dimerization. The Aβ16−22 peptides were observed to be aggregated at one end, with the
other end showing strong association with the AOT surfactant tails. The aggregation for
the Sup357−13 peptides was more pronounced for the middle residues. In general, there was
weaker interaction of the Sup357−13 peptides with surfactant or the sodium ions than was
observed for the Aβ16−22 peptides.
7.2 Future Work
In our studies we used two sets of experimentally determined parameters for the composition
of AOT reverse micelles. As the estimates of absolute numbers of AOT and water molecules
are an average and are made assuming the reverse micelles are spherical in shape, the error
in these numbers is not insignificant. Additional studies could include the use of alternate
non-polar solvents such as carbon tetrachloride or chloroform.
It would also be interesting to observe peptides in reverse micelles made with surfactants
other than AOT. Because the AOT surfactant is anionic it is necessary to have sodiums
cations present to ensure electroneutrality. This creates a highly charged environment with
a sodium content of approximately 9 M, when the concentration of sodium in a cellular
environment is on the millimolar level. Wand and coworkers have considered the effects
of different surfactants [130, 131, 132]. They used reverse micelles to encapsulate proteins
with high structural fidelity using a combination of anionic (AOT) and cationic (CTAB:
cetyltrimethylammonium bromide) surfactants [131]. Such alternative RM environments
may prove to be more regular in structure and better for the sudy of hydration and con-
finement in protein aggregation. In addition to Wand’s approach, the use of nonionic
surfactants (Igepal [133] or Brij-30 [134]) would allow me to compare differences in RM
geometry, peptide secondary structure, and peptide interaction with water and surfactant.
Overall, our results provide support for the presence of significant shape fluctuations
in the RM away from an ideal spherical geometry, as well as the importance of surfac-
tant surface fluctuations in stabilizing dominant interactions with peptides through both
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hydrophobic and hydrophilic interactions. Our results also demonstrate that orientational
relaxation of water displays short-time stretched-exponential and long-time power-law re-
laxation, as has been observed for water at interfaces and in confined geometries. However,
we have found a substantial dependence of the relaxation times on the models employed.
The existence and potential significance of shape fluctuations away from a spherical
geometry continues to be debated. Open questions include different predictions dependent
on force field and interpretations of water loading in terms of absolute numbers of water and
surfactant molecules. Ultimately, these questions must be resolved by experimental studies
that directly assess RM structure and allow for direct, critical comparison of observables
with the predictions of simulation studies.
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